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PREFACE j 77‘/ 3

Precise time, distributed by means of racdio broadcasts, is re-
quired for two similar geodetic tasks: astrcnomic oosition determina-
tion; and observations of artificial satellites for gecdetic purposes.

The aim of this report is to assimilate under one cover the
various phases of the determdﬁation and distribution of precise time.

The deterﬁination of time has become a specialized field of
astroriomy and is presented in Chaoter IT. 1ﬁr£keeping and the basis of
constant frecuency is discussed in Chepter ITI. Chepter IV deals with.
variatioﬁé in the time systems wh’ch are cornected to the rotation of
the Earth, and with the cerrections that have to be applied tc observed
time. The di:triﬁution cf precise time through radio broadcasts is pfe-
sented in Chayter V. Finally, the manner in which the geodesist cught
to use distribg@ed time and the corrections that have to be applied td
) :eceivédxf;éio time signals are ciscussed in Chaoter VI, A

Althourh the discussion 1eaﬁs inte non-ée&detic fields and theo=-
retical foundaticns have to ke neglected for want of ‘space, it is hoped
that phjs study of the b}g;éét state of the art will provide scme under-
~ starding of the tasis of precise time a~d its distribution.

The report was prepared under the sianervision of Prof. lvan I,
'Muéller. ‘The execution cf this reseafch is under the techrical direction
¢f the Director, Physics a:d Astronqmerrograms, and of the Project
Manarer of the Naticnal Ceodetic Satellite Program, both at NASA Head- -
quarters, washingtdn, D.C. The contract is admiristered by the office of
Grants and Research Contracts, Office of Space -Science énd Applications,

NAbA, 'WQShington, D.C. ﬁu%l)'/‘

,ji - -
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KCTLTION TRDEX

The following is a lig! of stkreviations and symbols used tnrougi-

out the text wiiix the same meaning.

A astronomic azimuth

A.l atemic tire of the UohNG

A3 atomic time ¢f the BIH

AST appaient (true) sidereal tine

AT atomic tame

BIH Bureau International de 1’Heure, Peris, France
Cs caesium

Cs(i12) atomic time of the RGO
distance
ET ephemeris time

Eq. E equation of the equinocx

FKL4 Fourth Fundamental Catalogue

G prefix refers to Creenwich

He mercury

Hz Hertz, 1 Hz = 1 cycle per second

IAU International Astronomical Union

IS International Latitude Service

IPMS International Polar Moticn Service

LSRH Laboratoire Suisse de Recherches Horlogéres, Neuchftel,
Switzerland

I prefix denotes mega = 10¢

MST mean sidereal time

MT mean time

xiii



¥OPLTIC IMTEX (cent’s.)

FES U, S. National Bureau of St-:ndards, Bowlder Colorado

iEs-A atom.c time of the NBS

FPL Naticrnal Physical Latoratory, Teddington, Great Britain
P oolar moticn correction to time

PZT photc: ~zonic zenith tube

Rb rubidium

RGO Zoyal Creenwich Cbservatory, Herstmonceux, Great Britain
and Rapid Latitude Service

S seasona. veviation correction to time

T ¢poch of tire

TA.1 atomic time of the LSKH

T universal tiwe

UT0 observed riversal time

UT1 070 correct:d for polar motion

UT2 UT1 corrected for seasonal variation

h hour anrle

h superscrint denotes hour

« prefix denotes xilo = 10°

m suparscri st denctes minute

m prefix denotes milli = 1072

S supzrscrict denotes second

scale factor

(7]

t epoch of time
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orefix denctes correction

correcticn to time for polar'motion

correction to time for seasonsl variation in the Larth
rotation speed

astrono:zic longitude, positive to the east
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I. DEFINITION OF T:ME SYSTEMS

1.1 Introduction

Before commencing with the discussion of time systems it is necessary
to distinguish between two main aspects of time: the epoch (time instant)
and the time interval. The epoch defines the instant of occurrence of
a phenomenon, or the instant of an observation. The time interval defines
the time elapsed between any two epochs, measured in some scale of time,
which defines a specific time system. The unit of time, in any system,
is always a tinme interval.

The fundamental requirement that must be met by any time system is
an established relationship between the adopted scale of time (usually
in the form of years, months, days, hours, minutes, seconds, and fractions
of seccnds) and a physical pi:encmenon which is observable and countable,
or continuous and measurable, or btoth. Furthermore, the phenomenon on
which a specific time system is based must be free of short periodic
variations to permit interpolation and extrepolation by means of man-made
time keeping devices [Nheller, 196ha].

Scientific, technical, and civil demends on a practical time system
do agree as far as the above stated requirements are concerned. They differ
however on questions as to the scale of time suitable for specific purpeses.
Four basic time systems, each one associated with a particular phenomenon,
are in general use today. These are:

sidereal time and universal time, based on the rotation
of the Earth;

e~hemeris time, based on the motions of the Earth, Moon
and planets in the solar system;

atomic time, based on the frequency of oscillation of
atoms.
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Sidereal tire and universal time are equivalent forms of time in as
nuch as the two are related by rigorous formulae. Ephemeris and atomic
time ~re independent systems. Their relationship to each other and to
universal or sidereal time has to be established through observations
empirically.

Since the sidereal, universal and ephemeris time systems ars well
defined in the 'Explanatory Sucplement to the Astronomical Ephemeris and
the American Ephemeris and Nautical Almanac'[:Nautical Almanac Offices,
1961] and elsewhere, only the definition of the atomic time system is
given here. A graphical representation of the other time systems is
shown in Figure l1,1. For the saxe of completeness the true solar time
system is also shown in Figure 1.1, although it is neither distributed
nor used in the determination of precise time.

The expression 'mean solar time' is still frequently used in the
literature in lieu of universal time. Furthermore, the term universal
time has been reserved to designate a particular epoch referred to the .
Greenwich meridian. To avoid confusion the following terminology will be
used in this text: univers;x_gggg, UT, is an epoch in the universal time
system referred to the Greenwich or zero meridian; mean time, MT, is an
epoch in the universal time system referred to any meridian- other than
Greenwich. A time interval in the universal time system will be called
mean time interval.

Universal time is non-uniform, owing to variations of the local
meridian due to polar motion (see Section L.2) and variations in the ro-
tation speed of the Earth (see Section L.3). There are three different
typss of universal time. These are:

UTO is the epoch of universal time as determined from
star observations;

UT1l is UTO corrected for polar motion;



Figure 1l.1: Rotational and ephemeris time systems in the equatorial
plane. Fron [Mneller and Rockie, in Press].

Symbols
AST

MST

apparent sidereal time
mean sidereal time
ephemeris time

mean time

universal time

true solar time
equation of time
equation of equinoxes
equation of ephemeris time
longitude

longitude of ephemeris
meridian

mesn right ascension
true right ascension
vernal equinox

Symbols

h hour angle

E ephemeris

G Greenwich

G refers to Greenwich

MSO

meridian

superscript refers to
ephemeris meridian
refers to true Sun
refers to fictitious Sun
subscript refers to
fictitious mean Sun

true Sun

fictitious Sun
fictitious mean Sun



UTQ2 is UT1 corrected for seasonal variation in the
rotation speed of the Earth.

UT2, however, is still rnon-uniform, owing mainly to uncompensated

variations in the rate of rotation of the Earth.

1.2 Atondic Time

Atomic time, AT, is a uniform time system based on the operation of
so-called atomic clocks. An atomic clock is formed by associating a
precise quartz crystal clock with an etomic frequency standard. Clocks
and frequency standards are described in Chapter III.

For the time being 1t Bhall suffice to say that worikable at-mic
clecxs are usually based on the resonant frequency of the caesium-133
atome

Atomic time is appropriately used where the uniformity of the fime
interval is of importance, such as in timing of experiments in phyuics.
It may be used advantageously in lieu of ephemeris time in connection
with astronomic or satellite observations. e.g., when an artificial
satellite ephemeris has to be established. The fact that the oscillation
frequency of the caesium atom has been determined in terms of ephemeris
time makes the substitution of AT for ET pcssible (see Section 1.22).

There are several atomic time scales in existence. Those which are
frequently mentioned in the literature are the following.

A.1l: is an atomic scale of time determined and adopted by the

U. S. Naval Observatory, Washington, D, C. (USNO). It is
based on the operation of 8 caesium beam frequency standards
located as follows: USNO; U. S. Naval Research Laboratories,
washington, D. C.; USNO Substation, Richmond, Florida;

U. S. National Bureau of Standards, Boulder, Colorado (NBS);
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Cruft Laboratory, Cambridge, Massachusetts; National
Physical Laboratory, Teddington, Great Britain (NPL);
Laboratoire Suisse de Kecherches Horlogéres, Neuchdiel,
Switzerland (LSRH); and Postes et 1€légraphes, basneux,
France | Markowitz, 1962a,p. 11].

NBS-A: is an atomic time scale maintained by the NES. It is
based on the operation of two caesium beam standards
designated NBS~I and NBS-II, respectively'[Mbckler,

1964, ». 52h].

A3: 1is the atomic time scale adopted by the Bureau
Intern.tional de 1’Heure, Paris, France (EId}. It i:
based on the cazsium beams operated at the NES, the NPL,
and the LSRH [BIH, 1965, p. 13].

TA.1: 1is the atomic time scale determined at the LSRH., It is
based on the operaticn of a caesium beam and an awmonia
Maser frequency standard [Morgan et al., 1945, p. &O?].

Csf/H12): 1is the atomic time scale determined at the Hoyal Greenwich
Observatory (RGO), located at Herstmonceux, Creat Britain.
" . is based on the céesium beam operated at the NPL [Royal
Greemwich Observatory, 1965, o. 8262].
The formation of atomic scales of time may be understood more easily

after reading Sections 3.2, 3.43, and 5.32.

1.21 The atomic time epoch
The fundamental epoch of atomic time depends on the initial reading
of an atomic clock and is, therefore, different for each of the systems

mentioned above.
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The adonted initial epoch for A.l, for instance, is CNOMCS UT2 or,
Jaruary 1, 1956, at which instant A.1 was ohomos [Markowitz, De 95].
The adopted initial epoch of A3, or the other hand, has been chcsen

such that the difference UT2 - A3 = OMOMOS, which was the case at 2¢h

12, January 1, 1958 [BIH, 1965, p. 3].

Other atcemic time systems will have different initial epochs. For
the FBS-A system, for instance, the initial eooch was chosen to ccincide
with the A.l system. The correspondence has an uncertainty of about#1l
rmillisecond. In additior te this, the systems A.l and NES-A seem to di-
verge at a rate of 2 x 1071} sec/sec [Mockler, 196i, p. 52&]. The same
magnitude of divergence exists between the sys*ems NES-A and TA.l
[Bonanomi et al., 196&]. The difference between the epoch of A3 and A.l
is about -CSC35 [Stcy:{o, A., 196lc, o. 76].

Concerning the epoch of atomic time, we note that there exists no

reqguiremert for a definite epoch; atcmic time is a measure of interval.,

1.22 The atcmic time interval

The fundamental unit of time, the second, was defined by the XIIth
general assembly on weights and Measures at Paris in Cctober, 176L. The
eract wording cf the new definition is: "The standard to be empioyed is
the transition btetween twc hyoerfine levels F = 4, mp = C and F = 3,

m.. = 0 of the fundamental state 251/2 of the atom of caesiam-133 undis-

turbed by external fields end the value 9 192 631 77C Hertz is assigned",
where F desipnates a particular enerpy state of the atoms, and my - O
stands for zerc magnetic field [chlett-?ackard, 1965, 0. AI}-é].

The atove definition mesns that the second is exnressed in terms of

the frequency of the caesium atom (see Section 3.21). The new definition

is in as close ar-»ecement as is experimentally possible, with the 1, .6



definition of the second in terms of ephemeris tine (see [Nautical
Almanac Offices, 1961, p. 70 ).

From a previous experimenit, conducted jointly by the UuNO and the
NPL, it was found that the frequency of caesium-133 at zero magnetic
field at 1357.0 was 3 192 631 770 ¥ 20 cycles per second of ephemeris
time. The epoch of the agreement is stated because the atomic and
gravitational time scales may diverge due to cosmic causes [Markowitz,
p. 94].

It should be pointed out that the relationship between the atomic
and ephemeris second is liable to change if the gravitational theory of
the Sun should be revised in the future. The magnitude of the possible

changes cannot be forecast with certainty [Markowitz, 1962b, p. 2h1].
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II. OBSERVATORY DETERMINATICN OF THE EPCCH OF TIME

2.1 Introduction

In the following discussion of the practiéal determination of the
epoch of ti & we may conveniently subdivide the topic in the determina-
tion of rotational time, i.e., sidereal and universal time, and the
determiration of ephemeris time. Although the former section involves
variations in the rate of the Earth?s rotation and the variation of the
meridian due to motion of the pole, these phenomena are treated in
Chapter IV,

The determination cf time has become a highly specialized branch of
astronomy and is usually executed by national observatories. The basic
requirenents concerning time determination, e.g., star catalogues to be
used, have teen standardized by the Internatioral Astronomicsl Union
(IAU). The EIH has been established to coordinate and compare the re-
sults of various time detcrminations.

It is not possible here to treat 2ll methods and instruments in
use tut principles only. The principle of the determination of rota-
ticnal time with the photographic zenith tube (PZT) and the Danjon im-
personal prismatic astrolate will be shown. The discussion of the de-
termination of ephemeris time will be restricted to the dual-rate Moon

camera method.

2,2 The Determination of the Universal Time ¥poch

As pointed out in the foregoing chapter universal and sidereal time
are related by formulae. Since the fictitious Sun, whose Greenwich hour
angle defines the epoch of U? is not observable, universal time is de-~

termined in practice through the intermediary of sidereal time. The



determination involves principally three steps:

(1) stars of known position are otserved to determine local
mean sidereal -time, MST;

(2) MST is converted to MT;

(3) the conventicnal longitude difference between the place of
determination and Greenwich is added to convert MT to UT.

Step (1) is obviously a critical one since the accuracy of star
observations is limited by instrumental and observational factors, as
well as by the accuracy of star catalogues. Step (2) involves the theory
of motion of the fictitious Sun, and step (3) requires a knowledge of the

precise longitude of the place of observation.

2.21 Meridian observations with the PZT

The historical develoo=ent of the PZT frem Airy’s reflex zenith
tube is given in[&hrkowitz, 1960a, pp. 92-—100]a The structural design
anc operaticn of the PZT will be briefly descrited, based on the above
publication. A full view of the PZT is shown in Figure 2.1.

The PZT is mounted in a vertical position and has a field of 27"
to 34' . Thus, only stars which transit near the zenith, where atmos-
pheric refraction will be at a mirirum, can be observed. The light rays
from the star pass through the lens, are reflected by a basin of mercury
at the bottom of the tube and come to a focus about 1 cm below the inner
face of the lens,

A lens has two nodal points associated with it. A light ray which
enters the lens at one nodal point leaves it at the second ncdal point
in a parallel direct’on. Normally, the nodal points lie within the lens.
It is however, possible to design a lens system so that both nodal

points are exterior to the lens.
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Figure 2.1: The photographic zenith tube, PZT, of the
U.S. Naval Observatory. The mercury basin is seen at
the bottom of the photograph, the motor driving the

plate carriage is seen at the top (left) of the tele-

scope tube, (Official U.S. Navy photograph.)
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The optical system of the PZT ié designed such that the inrer nodal
peint lies in the focal plane. The photographic plate is located at
the focal plane and is rigidly connected tc the lens ceil. After re-
flection from the mercury surface, a light ray from the zenith will form
an image on the plate which will coincide with the inner ncdal point.
Meither tilting nor horizontal translation of the lens cell will alter
the nosition of the zenith on the plate, The positicn of the image of &
ster which is not at the zeniuh will nct be sensibly displaced by these
motions. A rotation of the lens cell by 180°, however, displaces the
image of a star symmetrically about the zenith.

The photographic plate is mounted in a carriage which is driven by
a motor synchronized to tracs the stars bty moving the plate carriage in
an east-vest direction. In addition, the carriage and lens cell can be
rotated 180° by a motor driven rotary between exposures. The motion of
the carriage during exposure triggers timing pulses which are recorded
with respect to a crystal clock.

Four exposures of 20 seconds are made of each star in alternating
rotary positions, two tefore and two after transit. The interval be-
tween the mean exposure times is 30 seconds, exactly.

Each exposure is started with the center of the plate 10° west of
the meridian. At the end of the exposure it is 105 east. Reversal of
the rotary brings the center of the plate back to 108 west. If the motor
driving the plate carriage is east, the plate moves towards the motor,
if it is west, the plate moves away from the motor.

The images of a star appear on the PiT plate as shown in Figure 2.2.
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Figure 2.2: Appearance of the images of a star on the PZT
plate. The arrows indicate the direction of the star’s
motion with respect to the meridian. The numbers indicate
the sequence of exposures.

If the exposures would be symmetrical with respect to time of meridian
passage, the images would form a rectangle. The images of the zenith
and meridian are fixed with respect to the lens cell, but their positions
on the plate change.

The relaticnship between the time of transit and the position of
the images on the plate can be visualized geometrically. To do this we
assume that the star moves up to the meridian at a uniform rate and then
instzntly reverses its motion and mcves in the opposite direction at
the same rate.

Let the mean epochs of the timing pulses be t3, t3, ta, t¢ for

the four exposures. An interval timer measures the interval between the



impulse from the camera shutter to the nearest second of the clock.
Let these intervals be p and ¢ for the moter position west and east,

respectively. If we denote the clocik second following t, by T we have,

starting with motor west,

ta = T - p, ta = T + 60° - p,
s (2.1)
t2 =T+ 30 -q, ty = T+ 390° - q,
The mean time of the sequence is 1/2 {t, + t,), or
to = T+U45% -1/2 (p + ¢ (2.2)
Subtracting Equations (2.1) from (2.2) we get
tlzto-hss-s, t3=tc+155's,
. (2.3)
t, = tg - 15°+ s, ty = tc + U5+ s,

where s = 1/2 (p-q). Starting with motcr east, s has the opposite
sig:. The hour angles of the star may be expressed by Equation (2.3)
by replacing t15.0¢, t4 by hay..¢5 hg and ty by hg.
By definition, the hour angle, h, of a star is
2= AST - &€, (2.4)
where h is positive to the west, AST is the local apparent (true)
sidereal time, ande( is the known apparent right ascension of the star.
If we let AST = t5 + Aat, where at is a correction to the observa-
tory clock, Equation (2.4) becomes
hg = 1o + At -, (2.5)
or
at = hg + o€ - tg = AST - 1,
which gives the correction to the observatory clock and constltutes the
result of the time observation.
To determine hy from measurements on the photographic plate

several reduction techniques are in usz2, The principle of reduction

given below is adapted from [Tanner, 1955, pp. 3h5-3h2].
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Imagine a plane tangent to the celestial sphere at the zenith. In
this niane a rectangular coordinate system with origin at the zenith is
positioned. The positive x-axis is directed to the east, the positive
y-axis towards the south.

It can be shown that the rectangular coordinates of a star in
seconds of arc are given by

x = - 15h cos §
y = - (§ + «n2),

where h is the hour angle in seconds of time,‘s is the star’s declina-

(2.€)

tion, f" its north zenith distance in seconds of arc, and « is a correc-
ticn for the curvature of the star’s path.

The telescope projects this coordinate system into the focal plane.
A second coordinate systen, XY, is assumed, in the photographic plate,
to coincide with the xy system at time t; or t;, i.e., when the motor is
west.

Let the plate coordinates of the star’s images at times t3 through

ty be X3, Xz, X3, X4 and §;, Yo, Yy, Y4. Then we have the following

correspondence:
1= x = yn
X2 = -x Yo = =y2
(2.7)
X3 = x5 Y3 = s
X = X4 Y, = -y,

The scale of the plate is found from the X distances between images
1 and 3 and 2 and 4 in the plate and the correspondiny time interval of
60° exactly. Substituting h’s for t’s in Equation (2.3) and using

Equation (2.6) we get
X; - x; - X3 + X4 s - 15 (hl + hz - h3 - h4) COSS s 1800 COSS- (208)
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When 8 is known, this gives the scale of the plate in seconds of arc per

revolution of the micrometer head of the measuring engine used to evalu-
ate the photogravhic record. Let the scale factor he s.

The sum 1/4 (X3 - X4 + X3 ~ X,) is equal to 1/4 (x1 + xp + X3 + X4),

which, substituted into Equation (2.6) gives

S(x1 - X4 + X3 - Xg) = "60 ho COSé . ‘ (2.9)
Thus,
(<X + Xz - X3 + X4)s
hg = . 2.10)
60 cosS

With hy known from Equation (2.10), the clock correction given by
Equation (2.5) can be determined, or AST can be calculated from Equa-
tion (2.4).
PZT observations yield also the latitude of the observing station.
The astronomic latitude, § , is given by
.¢=5' f, (2.11)
where f is the north zenith aistance of a star when it is on the meri-
dian.
The observed double zenith distance is the distance between images
1 and L4, or 2 and 3, measured in the plate perpendicular to the prime
vertical. We have from (2.7),
(Yg =Y + Y3 =Yy) = (y1 +y2 *¥a * ¥a)-
Substitution in Fquation (2.6) yields
s(fy - Y, + ¥ - X)) = -b §' + 1id, (2.12)
where f'is the obssrved zenith distance.
The difference f - f'is the roduction of the observed zenith dis-
tance to the meridian, given with sufficient sccuracy by

§-f'= -1/b(252 i sin 28 sin 1"). (2.13)
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The above is an idealized reduction method. In practice considera-
tion must be given to the coordinate system of the measuring engine, focal
length of the PZT, etc. Diurnal abterration must also be considered in
the reduction. Corrections for refraction need not be applied because
it is taken care of in the determination of the scale factor.

Usually, two scale factors are determined. Ome is used in the time,
the other in the latitude determination. For details on practical re-
duction techniques the reader is referred to [Thomas, 196&], &hnmer, 1955
op. 3h5-350], and [Ta'.cagi, 1961, pp. 137-12;9] .

From Equations (2.5) and (2.11) it is clear that the coordinates
of the stars, right ascension and declination, are needed for time and
latitude observations. respectively.

The catalogue of star positions used in the PZT reductions is based
as a whole on a fundamental system, such as the FKi, Internally, however,
the positions are determined from the PZT observations themselves. The
PZT catalogue is therefore free of accidental errors in the fundamental

catalogue. For details the reader is referred to [Markowitz, l960€l.

2.211 Errors in the PZT observations
The orincipal sources of errors in the PZT time observaiions are:
a.) long and short period refraction ancmalies
b.) errors in adopted star position
c.) plate measurement
d.) film distortion
e.) tilt of mercury surface
For the year May 1954 - May 1955 an extensive error analysis was
made from the PZT observations at Washington and at Richmond. The prob-
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able errors determined from observations with the washington PZT*s are
given in Table 2.1 below, taken from {Ma;vowitz, 1960a, o. 10]].

Table 2.1

Protatle errors of PZT observations at washington

PZT Ko, 1 __PZT No, 3
Time | Latitude| T.me Latituda

One star 2 0Sco8 | tchos | zo¥ooy t 0106

One night, accidental] # 0.C02| 10,035 | $0.002 10,028
Cne night, systematic 40,003] t0.CL1 | +0.003 +0.047
One night, total +0,004] to.coh | +0.CO3 +0.055

In summary Markowitz states that the probable errcr of one night of
PZT observations at Washingtorn or Richmond is£0500LS in time andtOfOSS
in lalitude.

2.22 Extra-meridian observations with the Danjon impersonal prismatic
astrelabe

The impersonal prismatic astrclabe, although entirely different in
design frcm the PZT, yields similar results: time, latitude, and star
positions. For the histcrical develepment of the instrument the reader
is referred to[Danjon, 1960, pp. 115-121}. The structural design and
method of oneration of the sirple astr.late is briefly the following.

An equil:teral glass prism, hereafter called main orism, is mounted
in front of a horizontal telescope in such a way that its edges are hori-
zontal and one face is verticel (Figure 2.3). A light beam from a star
entering the main prism at a is reflected and emerges at b from the main
prism and passes through the lens. Another beam eaters the maiu prism at
¢, after it has been reflected by a mercury surface, is reflected and
leaves the main prism at d and passes through the lens. In the eyepiece
two images of the star are seen which appear to move along nearly the

samec verticsl in opposite directions.
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Main prism

Focus

Mercury basin

rigure 2,3: The optical principle of the simple astrolabe.

The two images coincide when the star’s zenith distance is exactly 30°,
provided the main orism angle is exactly 6C° (other types of astrolates
empley 45° main orisms). The instant of coincidence of the two images
with resovect to a clock is recorded. Since the main prism angle is not
orecisely 60°, three uninown have to te determined, namely, correcticns
to the clock, latitude, and zenith distances. we will see later that a
minimum of three observstions in different azimuths are required to
solve for the unknowns. Plotting position lines yields a graphical solu-
tion. Fcr accurate work a least square adjustment is performed.

Just in front of the focus of the imperscnal astrolabe (built by
Societe Optique et Précision de Levallois (OPL) France) a double Wollas-

ton prism has beer placed which has the property of splitting the rays A
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and B in such a manner that two diverging and two parallel rays emerge

(Fipe 2.4),

//Az
]
A

Figur? 2.4: Imaze formation in a double symmetrical Wollaston prism,
The diverging images A, 2nd L, are screened off. From [Danjon, 1960] .

By disvlacing the Wollaston prism, hereafter czlled W-prism, para-
1lel to the optical axis of the telescope, the images A; and By can be
kept parallel while they traverse the centrsl part of the field of view.
The usable part of the field is delineated by four wires of the reticule.
To maintain parallelism of the images, the W-prism has to be displaced
at a speed equal to that of the images A; and Bi. The diverging images
A, and By are screened off.

The W-prism is driven by a motor-micrometer that carries electri-
cal contacts which trigger time pulses. The speed of the motor, driving
the micrometer and W-prism, cen be set oroportional to the cosine of the
latitude of the observing station. The micrometer settings corresponding
to the triggered time pulses are recorded photographically. Since the
operator has to make only slight adjﬁstments in the traversing speed of
the motor-micrometer by means of a handwheel, the results of the obser-

vations are virtually imm>rsonale.
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Figure 2.5: The Danjon impersonal prismatic astrolabe at the
U.S. Naval Observatory. Wwith the handwheel below the oculars
the operator adjusts the speed of the motor-micrometer which

drives the Wollaston prism. ( Official U.S. Navy photograph.)
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The OPL model has an aperature of 10 cm and a focal length oi 100 cm.
The ootical path is folded to render the instrument more compact. A full
view of the Danjon impersonal astrolabe is shown in Figure 2.5.

Astrolabe observations of sta. as they transit across the i~stru-
mental almucantar establish a linear relationship between time, latitude,
and the star’s declination. The instrumental almucantar is defined as
the circle of apparent altitude which is ecual to the effective main
vrism angle.

In the OFL astrolabe the actual coincidence of the two images does
not only depend on the zenith distance of the star and the eirective angle
of the main prism, but also on the position of the W-prism with respect
to the focal plane of the instrument. The position of the w-prism at
which the star crosses the alrmucantar is civen when the primary optical
plane of the W-prism coincides with the focal plane. Jlet us designate
this position of the W-prism as zero position. The micrometzr screw
reading, corresponding to the zero vosition, shall be V.,

The value of V varies during a night?s observation slightly due to
temperature changes within the instrument. It is usually determined be-
fore and after observations of a group of stars by means of a special
autocollimator built intc the instrument. From these readings, the value
of V at the time of observation is us:ally determined by linear interpo-
lation.

What has been said this far shows that each observed ustar has three
sets of readings associated with it: the micrometer readings, the time
pulses, and V. In addit{on, the azimuth of the star has to be recorded.
The principle of reduction given below has been adapted fronm [Thomas,

1965, po. B288-B292].
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The photographic record of the observation of one star consists of
the readings, x, of the position of the W-prism driving screw. ‘he
central pcsiticn of the sciew, which is very near to the zero position
of the W-prism, is marked on the film by a light spot.

Let the micrometer readings be X1, Xzy..¢X, and the corresponding
times, recorded with respect to a sidereal clock, be t1, t3,...t . The
mean micrometer reading will then be

n
X =% Z e (2. 1k)
i=1

which corresponus to the mean time of observation

n

1l
to =t + Z t ’ (2.15)
n ; i
-l

where t is an arbitrary sterting time. Let the zero position of the
W-prism at ty be vy, expressed in fractions of revolutions of the mi-
crometer screw cnly. The whole number of revolutions, Vg, is given by
the central position mark on the film record. This means that V can be
assigned to the same arbitrery zero tc which the x’s refer. It follows
that at t, we have for the zero position of the W-prism,
V=Vo+ v (2.16)
Let the effective angle of the main prism (the equilateral prism in
front of the objective) at to, be 90° - z. Then V corresponcs to the
apparent zenith distance of the alumcantar. The observed zenith distance,
f' » corresponding to xo, will then be
f'= z - 5(xo = V), (2.137)
where s is a scale factor.

Let
'Z'ﬂ f.- z = g(V - x3), (2.lb’)
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then rz' represents the excess of the observed zenith distance over the
zenith distance of the almuczrtar at time tgy. Ir Equatior (2.18) second
order terns which erise, owing to the fact that the rate of change of
the zenith distance is not constant, can be neglected. The scale value

s is usually an adopted valie. It can be calculated for each star by
s = 15 [«a'l?:]cosﬂ_i° sin A , (2.19)
[a x]

where [AT] is the sum of the time intervals corresponding to the sum of

the micrcmeter reading differences, [Ax] R 93; and A are the adopted
latitude of the station and the azimuth of the star, respectively.
The observecd zenith distance has to be corrected for refraction.
Thus,
£-€"+r, (2.20)
where r is the refraction correction. Form:lae feor calculating r are
given by [Eomford, 1962, po. 265—267] and elsewvhere.
A correction te Q' is needed when a star is not obse.ved
symmetrically about the center of the field of view. The correction is
[ Tonas, 1965, po. E290],
n="1n +c=0"+1Lsir 2§, (a4)* cosec 1', (2.21)
where AA in radians is the difference between the mean azimuth of the
observed star and the azimith of the center of the field of view. The
latter needs to be determined from observations on stars at azimuths near
180°. Substituting Equations (2.20) and (2.21) intc (2.18) we have
N =s(V-x)+r+cs= §° -z, (2.22)
where §° = f:, + c.
Now, let
2 =20 * 2, (2.23)
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where z, is exactly 30°, corresponding to a nominal main prism angle of
60°. The corrected observed zenith distance at time t, follows from
(2.22) and (2.23) as
fo =2 +4z +N. (2.24)
Let
AST = 5, + At (2.25)
where ot is a correction to the clock. Further let the instantaneous
latitude be
=@ +ad . (2+26)
Assuming an error-free observatic- corrected for refraction and
diurnal aberration, the observed zeni - dist:nce go can be computed
frcm formulae of spherical trigoncmetry. Ii s  .:a by
cos §° = singd sind + cos & cos 8 cos(o¢ - AST), (2.27)
where o and & are the apparent right ascension and declination of the
star; assumed free of errors, referred to the true equinox «nd true
eqrator of date.
For the zenith distance of the star corresponding to time tg and
the adopted latitude, o, we can write three equstions which can be de~

rived from the astronomic triangle.

cosfc = sind, sin & + cos $o cos & cos(ox = tg) (2.28)
cos A sin§, = cos $o sin $ - sin @ cos§ cos(x - to) (2.29)
sin A sin fc = cosFo sin{x = tg) (2.30)

Substituting Equations (2.24), (2.25) and (2.26) into (2.27) and
making vse of (2.28) through (2.30), and taking cos Az = cosd= 1, and
cos at = 1, sin ag= AaF, sin At = 4t, d sin Az = Az, we get,

cos A sinfc + at cos @, sin A sinf + Az sin(zg +0) =

cos(zo +9) - cos § . (2.31)
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Expressing At ir seconds of time, AP, 42, and &y = 154t cos § o in

seccnds of arc, we get
Adcos A sin fc + Ay sin A sinfc + Az sin(zp *0) = [cos(zo +n) -
cos fc] cosec 1", (2.32)
Assumed is that at is small and that the star’s cuordinates are without
errors.
Since fc g 2, ¥ 30°, we have

[cos(zo +n) - cosff,] cosec 1° = = 1/2n, (2.33)
hence the right-hand side of Equation (2.32) can be considered to contain
the cbserved quantity n directly. Equation (2.32) obtained from several
stars forms a system of equations that can be solved by a least squares

method for the knowns ag,s¢ andAZ . From

at=_o&f (2.34)
15 cos & o

Equation (2.25) can be solved for AST. In practice corrections are
assigned to the observations for diurnal aberration, errors in star
positions, and instrumental errors. Equations for the diurnal aberra-
tion cocrrection are given in [Bomford, 1962, p. 260] and elsewhere,
2.221 Accuracy consideratioﬁs

The accuracy of time determinations with the Danjon astrolabe
is affected chiefly by observational errors and by errors in the adopted
star pos’s: ns. In order to reduce the errors due to errors in the star
catalogue a so-called chain adjustment is made, which is based on the
following principle.

First, a correction is calculated to reduce the right ascension of
each star to a system defined by the right ascensions of all stars of

a specific group only, i.e., the equinox of a specific group of stars.
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Then, corrections are assigned to the equinox of the individual groups
to reduce them to a common equinox, defined by the mean of the results
from the first adjustment. A reference system is arrived at in this way
which assures consistent solutions from observations on different stars.
Although this chain adjustment is made, the stars ‘hat constitute the
observing program are still based as a whole on a fundamental system
such as the FK 4, Further details on this and other methods of adjusting
star positions are given in [Danjon, 1960] o The method used at the
RCO is diacussed in detail in [Thomas, 1965] .

In the latter publication observational results obtained with
a slightly modified Danjon astrolabe are given for the years 1959
to 1963. From the published data the mean probable error in the determi-
nation of time ﬁas determined for August 1963 as t4 millisecondas. The

probable errors for one night’e work range from t3 to ¢7 milliseconds.

2+.23 The calculation of universal time from observed local

sidereal time

We have seen that time observations with the PZT or astrolabe yleld
AST. The first step in the practical calculation of UT involves the con-
version of AST to MST, which is nothing else than the equation of the
equinox, Eq.E., given by
Eq.E. = AST - MST, (235)
The appropriate value of Eq.E. is found by in%terpolation in an ephemeris
with the approximate UT of observation as argument. The approximate UT

may be found for instance from the clock time of observation. MST is
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converted to GMST by adding the adopted longitude of the station to MST,

Ir the practical operational procedure a table is constructed which gives
GMST at OPUT for each calendsr date. The equation used is

GMST at ORUT = 6738M,5%8L6 + 86L0L3BLSL2E + 05000009382, (2.36)
where t has the successive values 0.5, 1.5, 2.5, etc. divided by 365.25.
At 12MUT on Jenuary O, 1900, © = 0. The epoch of UT, correspording to
the epoch of observation, is obtained by converting the elapsed mean
sidereal interval, i.e., GMST - (CMST at OMUT), to a mean time interval
with help of tablgs. An example of the conversion of AST to UT is
given in [Nauticel Almenac Offices, 1961, pp. 85).

Universal time, calculated in this manner, has an instantaneous
value and is denoted UTO. To arrive at UT2, which is quasi-uniform,
corrections are aoplied for the motion of the pole and seasonal varia-
ticn in rotation speed of the Earth (see Chapter IV). Corrections due
to variations in the direction of the local vertical are usually not
applied but compensated by simoothing observations ovsr a certain interval
of {ime. Final universal time is given by

UT2 = UTO +AN + as, (2.37)
where AA is the polar motion correction and 4 S the seasonal variation
ccrrection.

It is clear that the observed value of UTZ2 depends on the knowledge
of the precise angular difference between the meridian plane of the
observer and the zer- meridian planc, i.e., on the exa.t longitude of the
observing station. OStrictly speaking, each observatory determines its
own zero meridian, hence its own system of UI2, owing to errors in its
adopted longitude. The adopted longitude of a station is usually re-

referred to as conventicnal longitude.
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In order to bring different time determinations into closer agree-
ment, international longitude campsigzns were executed in 1926, 1933 and
during and after the International Geophysical Year, 1957-1959.

Originally, the zero meridian plane to which all lengitudes were
referred was that passing through the transit telescope at the Royal
Creenwich Observatory. In 1957 this observatory was moved to Herst-
monceux. oSince then the Burcau International de 1l’Heure determines a
so-called mean observatory from observatvional data for UT2 of about 4O
observatories, located about the world. The longitude of this mean
observatory is defined to be zero. More will be said about the forma-
tion of the mean okbservatory in Section . .

The introduction of the mean observatory, however, does not invali-
date the statement that each observatory determines its own system of

uT2.

2.2L4 Accuracy of universal time determinaticn

The U.KC has conpiled a compariscn of universal time determined at
weshington, hichmend, Herstmonceux (Greenwich), and Tokyo observatories
during 1962 - 1963. The instruments used are P:1’s, except for the
pericd from July 1962 to September 1963, when a slightly modified Danjon
astrclabe was used at Herstmonceux. The following table shows the re~
sults in the form aty = UT2, - UT2 , where UT2j is the value of Ul2

for each observatory, and U12m is the mean value of UT2,



Table 2.2

Quarterly deviation:,, At4, of UT2, in milliseccnds
(Proceedings of the International Conference
on Chronometry, Lausanne, 196i;)

E_"__Ci?fﬁe_r Washington ' hichmonc Greenwich Tokyo
1962 I +5 =L -1 -1
11 +5 -3 -2 0
11T + -1 -9* +5
v +3 -6 +2* +2
1963 I -1 -7 7" +1
1T -6 -7 i +7
11 -5 -6 +3* +8
v +1 -6 -2 +7
mean 0 -5 +1 +4
1962 - 1963 n +7 +2 -6 -4

»* .
astrolabe observations

The following table gives the standard error of observations for UT2
at 11 observatories for each tenth of a year compiled from observation

data during 1956 to 1960 by the Mizusawa Observatory.
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Table 2.3

Standard error of UI2 for O.l1 - year intervals, in milliseconds
(Proceedings of the International Conference on
Chronometry, Lausanne, 196L)

Station *Instruments Standard error
washington PZT ¥ 3.6
Richmond PZT L3
Greenwici PZT t 6.9
Ottawa PZT t 7.0
Mizusawa PZT t 8.9
Tokyo PZT t 4.5
Paris Astrolate % 4.8
Potsdam | PI + Astrolabe 7.7
Buencs Aires PI £ 5.7
Buenos Aires . PI i 6.0
Moscow PI t 9.5

PI = passage instrument ( meridian circle )

i1z zonclus®on it can be said with confidence that one year ob-
servations with the PZT or astrolabe yield a probable ei:or in the

determined universal time of avout 2 milliseconds.

2.3 Tne Determination < the Fphemeris Time Epoch

Theoretically, ET is based on the motion of the Esrth around the
Sun, i.e., on Newcomb?s theory of the Sun. In practice the correction,
AT, to be applied te UT {o give ET, may be obtained by comparing an

osservad position of a heavenly body in the solar system, recorded in
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UT, with the gravitational ephemeris of that body, for which the argument
is ET by definition.

The only requirement is that the gravitational theory »f the observed
body mast be in accordance with the _ravitational thzory of the Sun.
Since the Sun itself is not suitable for the rapid determination of ET,
the JAU recommended in 195C that ET should be determined from observa-
tions of the Moon vhose theory of motion is sufficiently extensive
[Markowitz, De 93]. ET obtained from observations of celestiai bodies
is given by

ET = UT + aT. (2.38)

Formerly AT was obtained from observations of occultations of
stars and from meridian observaticns of the Moon at certain phases.
Nowadays the position cf the Moon is usually obtained by photographing
the Moon in the background of stars with the dual-rate roon camera,

whose princioles of design and operaticn shall be briefly describeds.

2.31 The dual-rate Mon camera

The dual-rate Moon camera, designed by W. Markowitz, is « spe-
cialized photographic instrument ihat yields sharp photographic images
of the Moon and surrounding stars simultaneously. An ordinary astroncmic
camera cannot be used successfully for photographing the lMoon and stars
on one plate, because of the much greater brightness and much faster mo-
tion of the Moon with respect to stars. With the dual-rate Mobn camera
these difficulties have been overcome and photographs may be made at
any ohase except near new Mocn, and over a wide range in hour angle and
alt:tude. It can be attached to visual or pho‘ographic refractors of

about 200 mm aperature and about 200 cm to 600 cm focal length. A full



Figure 2.6: The Markowitz dual-rate Moon camera of the
U.S. Naval Observatory. The motor, which drives the filter
tilt arm is seen at the top of the camera., This camera was
used in determining the fundamental frequency of caesium
with respect to the ephemeris time interval. ( Official

U.S. Navy photograph.)
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view of the Moon camera is shown in Figure 2.6. The principle of the
camera is briefly the ‘ollowing [Markowitz, 19608, pp. 107-11u].

The photographic plate (blie gensitive) in the camera is driven
at a gsidereal rate by a motor the speed of which can be regulated
according to the Moon’s declination. During exposure the light rays
from the Moon pass through a dark plane-parallel filter of 1.8 mm
thickness and a diameter approximately equal to the apparent diameter of
the Moon’s imare. The filter transmits about one five-hundredth of the
incident light intensity and it is tilted such that it shifts the Moon’s
image by optical refraction. In.effect the Moon is held fixed with
respect to the stars by selecting the proper rate of tilt, which is a
function of the relative speed of the Moon among the stars, and the
orientation of the tilt axis. The tilt mechanism is driven by a
second synchroncmous motor and micrometer and can be shifted such that
the axis of tilt is perpendicular to the apparent path of the Moon with
respect to the stars, The epoch of the observation is the ins%ant when
the filter is parallel to the focal plane, since at that moment the
Moon is not displaced. A contact is mounted on the tilt arm which trigg-
ers time oulses at the instant of parallelism that are recorded with
respect to a mean time clock of high precision. The camera is rctated
180° between successive exposures and plates are always measured in goirs.
Thus systematic errors due to imperfeciions in the filter or due to
non-parallelism of filter and focal plane, are eliminated. Exposares
are normally of 10 to 20 seconds duratlon, depending on the age of the
moon. Under good conditions measurable images of stars with magnitude

9 are produced.
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2.32 The determination of the equatorial coordinates of the Moon

The developed plate from the dual-rate Moon camera shows the image
of the Moon in the surrounding star field. The methcd of calculating
the geocentric equatorial coordinates, o and Sm’ of the Moon’s center
is in orinciple as follows [Markowitz, 19602, pp. 107-114] and [Mueller,
196k, pp. 286-29C]: |

The images of the reference stars and the image of the Mocn are
measured with a measuring engine. The plates are prepared for measure-
ment by marking the selected reference stars, and with help of a template,
the aporoximate center of the Moon. The plate is positioned in the
measuring engine with the marked center of the Moon near the centes of a
precision rotation stage. Using the x- and y- screws of the measuring
engine the positions of the stars in x and y are measured to microns
with respect to the center of the precision stage. These measurements
are made twice, first in an initial position and then after rotating the
stage through 180°,

The center of the Moon cannot be measured directly, due to the size
of the image, but is determined from measurements of selected points
along the bright limb. In the measuvrement one coordinate screw is held
fix2d at a position passing through the center of the stage, and the
other is used to measure the radius of the Mocn from the center to
points on the limb at 6° intervals. Thus about 30 to 4O radii are ob-
tained. The coordinates of the Moon’s center are then determined by a
least square approximation.

The observation egirations are of the form

Xn Sin @4 *+ ¥, cos® ; +r = Pi’ (2.39)
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where xp;, ¥, r are the uniknown coordinates of the Moon’s center and her
radius, respectively, Qi is the angle between the measured radius vector
Pi and the coordinate axis held fixed, i.e., ©; is a mltiple of 6°.
Thus plate coordinates of the reference stars and the Moon’s center aie
obtained in a common system.

The plate coordinates Xps I and the topocentric equatorial co-
ordinates oc; and S ,:n of the moon are related through pla;te constants
that have to be determined from the standard coordinates and plate co-
ordinates of the reference stars.

In the atsence of instrumental errors the photographic plate is
parallel to an imaginary plane tangent to the celestial sphere. A
plane rectangular coordinate sysicm, ? » 'ri_ s 18 placed in the tangent
plane such that the origin is at 6. The axis# is positive toward the
celestial pole, i.e., in the direction of increasing declination, and the
? axis is perpendicular to 'ri , positive in the direction of increasing
right ascension. The projection of this system through the objective
onto the plate is the standard coordinate system. The standard coordi-

nates of a star are[Mueller, 1964, p. 311],

g . cot § sin(ol - alo)
cotécos(fx - &) cos 50 + 8in Jo (2.h0)

cos 8, = cotd cos(x -a) sindo
cotd cos(X =) cosdo + sind,

‘

where &, & are the star’s right ascension a..d declination, respectively,
&g; &o are the right ascension and declination of the origin of the

plate coordinate system, i.e., of the center of the rotating stage.

The coordinates &g, and 59 may be obtained by interpolation between the

reference stars.
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The transformation between the x, y and f s N coordinates is

needed becsuse scale distcrtions in different directions are expected.
The distortions may be due to centering and orientation errors of the
coordinate system, non-perpendicularity of the x and y axes, astronomical
refraction and aberration. If the zenith distance does not exceed 60°
a linear transformation is sufficient, given by

§-4x+By+E

NM=C+Dy+F,

where the coefficients A through F are the plate constants. These are a

(2.41)

function of scale factors in the f and n directions, the angle between
the E and x ax:s, and the standard coordinates of the true crigin c\
A minim.n of three stars are needed to solve for the six plate constants.
In practice more than the minimum numt . of stars are measured (USNO
practice is to measure 10 reference stars) and a solution for the plate
constants is obtained by least squares. The standard coordinates, Em
andn , of the Moon’s center are calculated from Equation (2.41),
using the plate constznts determined from the reference stars. Thus,

g m = Axy + Eyy, v E

N Cx, + Dym + F,

The topocentric equaterial coorcinates of the Moon are from Equa-

£a
cos 50 - Qmsincfo
(sind o ﬂzm:oséo) cos(oll‘; - o)

(2.42)

tion (2.40) as follows:

t-an(o{?n - &,) =
(2.43)

N . _
an & n-
cos Jo -Qm sinJo

The topocentric ccordinates of the Moon, calculated in the described

manner, are corrected for geocentric parallax using adopted geocentric
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coordinates of the observing staticn. A method of calculating the
geocentric parallax and an example are given in[Nautical Almanac Offices,
1961, pp. 60-62].

In addition to the parallax correction the ccordinates of the Ifioon
should be corrected for difrerential aberration due to the relative
velocity of the moon with respect to the stars. Formulae for calculating
the differential aberration are given in [Rmeller, 1964, p. 316], and
[Vautical aimanac offices, 1961, pp. 51-52].

The resilts of the altove describei reduction method,or one similar,
are apparent geocentric right ascension and declination of the loon for
a cartain epoch of UT. The coordinates are referred to the true
equator and equinox of the date by eith:r updating the star coordinates
from the epoch of the catalogue to the cpoch of observation before
determinaticn of the plate constants, or by updating the derived coordi-
nates of the lMoon, if mean star coordinatc: are used as given in the
catalogue. The star positions are taken from the Yale Zone catalogues
and a correction to a fundamentzl catalogue (the FK L should be used)

is applied.

2.33 The interpclation of aT

Since 1960 ccmputed values of the apparent right ascension and
declination of +he moon, published in a national ephemeris, e.g., The
American Ephemeris and Nautical Almanac, are calculsted from Erown’s
lunar theo:y.

The cocrdinates are tabulated as a function of ephemeris tire at
hourly intervals to 03001 in rigzht ascension and 04Cl in declination.

These tables are entered with the observed cocordinates of the Moon and
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and two values of ET, corresponding to the UT of the observation are
taken out by interpolation, with argument right ascension, and declina-
tion, respectively. The former is more reliable [Veis,19580 Ve 12h].
The two values are combined with suitable weights and the difference

AT = ET - UT2
is obtained. An example is given in the Improved Lunar Ephemeris,
1952 - 1959, where the calculation of the lunar ephemeris is also
described. Strictly speaking a distinction should be made between the
theoretical value of ET and ET = UT2 + AT, when AT is obtained from
observations of the Moon.

The practical determiration of AT is affected by observational
errors and by possible defects in the lunar (and solar) theories. The
latter would obviously introduce systematic errors. Observational
errors msy be of systematic and random nature. Systematic effects arise
from the uninown topography of the Foon. Tue to libration thz tepography
of the Moon’s limb varies and introduces systematic errors in the
measurement of the radii. The use of lunar profiles, e.g., Watts pro-
files, or charts in determining limb corrections reduces this effect.

A compsrison of results from observations at the USNO during cne
lunation gave a probable error oi tO?lS in both cocrdinat:s of the Moon’s
center for each night [Markowitz, 1960a, p. 113]. From several ;unations
a probable error of ¢ 0:25 was obtained. It is expected that adopting
certain stardard procedures ir plate measurements, correcting for limb
irregulerities, and combining many observations will reduce the error in

position tod 0402 [Markowitz, 1954, pe 72].
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II1. FREQUENCY STANTAEDS AND TIMEKEEPING

3.1 Introduction

Astronomical observations, as we have seen, furnish the epoch of
time in one scale of time or another. The extrapolation of time from
one enoch to the following, or stated differently, interpolation between
successive epochs is performed by man-made clocks. Clocks provide
intermediate epochs, and t.. * interval.

The geodesist is chiefly concerned with the epoch of ti e, e.g.,
when otserving celestial objects, The unifermity of the time interval
is of greatect interest to the physicist, and to a lesser extent to the
reodesist, e.r., when a satellite eohemeris needs to be established for
which thecretically ephemeris tire ought to be used.

Tne time interval between two events occuring at times t; and t;,
respectively, is At = (t; = tg) = (t1 - to), where ty is the reference,
i.e., the initial epoch,. Thus,.‘At = t, - t1, which shows that the
irterval is indeoendent of the initial epoch.

By its very nature, the time interval cannot be preserved for
reference purncses; it has to te continuously reorcduced Ey timexeeping
devices. In order that the scale cf tine may be the same to every user,
jndeoendent of his geographical location, it is necessary to calibrate
local timekeening devices arainst a recognized primary time standara.
This primary standard is the Earth’s rotation for rotational time, and
at present sc-called atomic clocks for uniform tine, since ephemeris
time is not readily available.

€ viously, the primary standerds are inaccessible to most time

users. Therefore, calibrations of local timekeepers against a primary
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standard is usually made through radio time or frequency broadcasts from
national time services. It depeids on the stability of the local time
standards how frequently calibrations have to be performed.

In this chapter, man-made time and frequency standards will be dis-
cussed. FEmphasis will b= on.modern timekeepers: qaartz crystal and
atomic clocks. Mechanical and electric clocks will be discussed briefly
for the sake of completeness only.

In dealing with modern primary time standards as well as local
precisicn timekeepers, which we shall call secondary time standards, s
separation of timc¢ standards from frequency standards would result in un-
due duplication; there a.e no fundamental differences. They are tased
on dual aspects of the same phenomenon; frequency being the reciprocal of
time interval. In fact, a standard of frequency can serve as a basis
for time measurement, by referring the frequency to a desired time scale,
e.g., atomic, sidereal, universsl, and so forth. In other words, a
modern precision clock is a frequency standard plus certain auxiliary
equipment that, if in operation, displays a continuous record of time on
a clock face or on other indicators. The time kept by the clock is unly
as accurate as the frequency of the oscillator that drives the clock.

In view of this close relationship, it seems justified to discuss
frequency standards before discussing clocks. Similarly to the distinc-
tion made between primary and secondary time standards we will separate
frequency standards into two groups. Primary frequency staundards ara
those that have the highest accuracy, require no other reference, and
are used where long term stahility is of importance, e.g., for estabiish-

ing a national time standard. Secondary frequenc; svandards are those
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that have great short te:m stability and need to be compared to primary

standards for reference.

3.2 Primery Frequency Standards

The search for an absolute frequency standard that is independent of
the Earth’s rotation and rcadily available led to investigations on the
possivility of utilizing natural vibrations of atoms or molecules. This
seems feasible since a variation of atomic corstants is imp:-able. An
atomic or molecular frequency standard provides constant frequency,
immediately available uniform time intervals, and an accuracy superior
to any previously known standard. Such a frequency standard is truly a
primary standard requiring no other reference fur calibration. The
theoratical accuracy is of ..e order of one part in 1022 [Stecher, 1963,
Pe 169].

Since 1946 extensive research and developmant in the area of.fre-
guency sténdards has taxen place. In principle, rescnant frecuency
characteristics of atomic or molecular structures, low enough to pe.ait
evaluation with modern microwave techniques, are utilized. Tiue cnoice
of a particular element or compound depends largely uoon practicsl con-
siderations. One of the problems lies in the develonment of techniques
to count the number of oscillaticns during a nominszl time interval,
which is of the order of 10*© oscillavions per second.

To this writer?s knowledge, workable primary standards at present
are »f only two tyoes: atomic resorance standards and aumonia (NHz)
standards.

Atomic rescnance standards use quantum mechanical effects, parti-

cularly transitions occuring between electron levels separated by energies



correspcrnding to microwave frequencies. Transitions that are well
suited occur in atoms of caesium, hydrogen, rutidium; and thallium. De-~
vices utilizing these elements ha?e been déveloged. Esoecially note-
worthy are the caesium atomic besm and the hydrogen Maser (Maser =
microwave amp}ifier by stim:lated emission of radiation). éther stand-
'_ ards in this group are the rutidiarm buffer gas celi, the rdbidiﬁm Maser,
and the thallium beaﬁ.‘ With the exceptior of the rubidi:m buffer gas
stagdérd the;e devices are 51111 in an experimen*tal stagse. The thallium
beém devices are investigated in the USA and Swit;erland; For details
the reader is referred to [ﬁonanonﬁ, 1962]. Thé rub%dium_buffer gas
cell devige is a2 seccndary freguency staﬁdard and will be triefly dis-r
"cusééd in Section 3.33.

Moleculsr standards} although they wére'-the first deveiéped, are to
the writer’s.kﬁowledge still inrthe experimental andliesting stage. The
»mcst oromisine device is the ammcnia Maser standard, developed by Townes,
Zéiger and Gorden, in 1355. Ahmcnia Masers are in ooeration at several
lo.ations, e.g., at the ﬂés, the LSHH, in the USSk, and in Japan. Since
the ammohia standards do not constitvie é basis for a trily accepted
orimary frequency and time standard, they are not discussed further. For
infdrmation the rsader is referred to [Stecher, 1963] and [Shimoda, 1962].

Comaon to all atemic frequency standards ars means for'(l) selecting
ailums at a suitable ‘energy state, (2) enabling long life times in that
state, (3) exposing tﬁese atoms to microwave energy, and (4) detecting
the res:lts [Hewlett;Packard, 1965, o. 2-@]. The caesium keam and

hydrogen Maser standards have been develoned as truly primary standards.



L3

3.21 The caésium atordec team standard

The caesium atomic beam was developed by L.rEésen and J. V. L.
"Parry, in 1955 at the NPL. Since then, caesium beemg have been installed
at several places. In fact, the United States Erequenby Standard is basea
since 1966 on the operation of two caesium beam units [Mocxlér et ai.,
1960]. The basic p?iﬁciplg is briefly as folidws [ﬁeulétt-Packard,
1965, 5. 2-1, 2-2], and [NES, 1961, op. 8-10]: Caesium (Cs) atoms have
different energy levels and the atomic nuclei and electrons have mag-
retic moménts. The moment or spin of fhe elgcifons may be parailel or
antiparallei to the gpin of the nucleﬁs. The two cases differ by a
certain:amoﬁgt of energy. By reversing the<spin'élignmeﬂf;ra‘trénsiticn
occurs, i.é., thé eﬁergy staté:of fhe atom chanées. If-tﬁé atom makes
»a'transition from a higher to‘g 1oier eﬁergy leiel; a quantum'of energy

is emittéd, In the reverse case a quantum of energy is absorted. The

—

<fréquency of this transition is éetected by'arsﬁifiﬁléfapparatus.-Alkn%f//’, :
details on at&mic'transitipﬁs the reader is referrad to [Trigg, l96h]
or other text books on quantum mechanics.: ‘
In the paesium-133 atoms‘the tragsition freéuency-begween so-ca}led S
* hyperfine ground ~stéte$ has been determined as 9, 192, 631, 770 Ey;ies
per erhemeris second. The interaction betwéen the nuclei-electron
magnetic moments, which produces this frequency, is usually denoted in
the literature by (F = L, mp = 0) €—» (F = 3, mp = G), where F = i,
F = 3 dencotes certain enérgy levels of the Cs-133 atoms, and my = 0
stands for zero masnetic field. ‘ T
The ceesium atomic frequency standard is essentially a device for

measuring wave length, called a spectromefér. Neutral Cs-atoms-are =~

emitted from an oven, A, (Figﬁre 3.1) and are fqrméd*iﬁ%o a beam. The
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Figuie 3.1: Schematic of a caesi’ itqmic-beaﬁ device. ‘,‘<>"
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beam passes tﬁfough tno non-homogenous magnct;c'fields. The first magnet,

s

B, sorts out those atoms that havo lnti-parallel Spin. Those with parallel

_ spin, i.e., same direction of nuclei and electron spin, pass into a e

/l/_,

uniform magnetic f;gld.spa and are exclnea by electromagnetic energy.

At»resonande‘( when the exciting microwave;frnquency equals the natural

transition frequency Qf<the’é£ohb ), change of state occurs by eb-

sorption or stimulated emiésion,:depending on the initiel state of ihé#’

atoms. Upon passing througithe second non-homogenous magnetic field,

- Cy ‘only those atoms that have undergone transition are focused on a hot

wire detector, D.
If the fregquency of the.applied electromagnetic energy is nof
exactly equal to the transition frequency of the Cs-atoms, no transition

occurs and no output signal is received from the detec: 2 The frequency

J,Q’ the quartz crystal oscillator applying the electromagnetic field is.

regulated until a signal from the detector is received., When this is the



'The stability of these small deices is of the order of 2 to 5 parts

usS

cése, the frequency of the oscillator equals the transition frequency
of the caesium atom. Due to the fact that the caesium beam device °
works in conjunction with an e;ternal oscillator it is called a passive
atomic resonator. . »

For details on caeéium atomic frequency standards the reader is
referred to the bibliogr;phy, especially to tLe articles by PEagley
;nﬂ Cutler, by Mockler, and to | NBs, 1961] .

In recent yeéfs portable caesium standards have been developed.

11 B .
in 10 »[Markowitz, 196ha] . The caesium atomic standard manufactured

- by the National Company, Inc., Malden, Mzss., is widely used and knéwn,

as Atomichron. Thé_folloﬁiﬁéjaéta is given by [Zacharias, 1957, pp. 63,

-y - - ‘bl ,
;,12C¥]: advertised frequency stability of 1 x 10 weight 500 lbs;

height 7 feet; cost$50,000. The Hewlett-Packard Co., Palo Alto, Calif.,
: produceslé portable caesium 5eam standard with an advertised frequency

stability of 2 x 10+ The price is$15,500 [Hewlett-Packard, 1965,

,pE;,AYI:i];,Other’msﬁufacturers’df portable caesium standards are:
Pickerd and Burns, Inc., Needham, Mass.; Varian Aésociates, Palo Alto,

~ Calif.; and Ebauches, S.A., Neuchatel, Switzerland.

3.2? The hydrogen Maser

?robably the most noteworthy accomplishment in the field of atomic
frequéncy standards during 1960-1962 has been the developmegi of the
hydrogen Maser by Goldenberg, Kleppner, and Ramseyr5t Harvard [Mockler,
1964, p. 523] . The basic principle is as follows [Hewlett-Packard, 1965,

D 2-1] and_[Richardson, 1962, p. 59] 3
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The hydrogen lMaser is an active atomic frequency standard; it profidés
constanf frequency without—being coupled té an external oscillator. The
frequency is defived from stimulated emission-of electromagnetic energy,
i.e., frcm the energy release associated with transitions of atoms frem
a higher to a lower energy level. By means of special arrangements the -
interaction time between hy:rogen atoms in high energy states (denoted
F=1, mp = 0) and a microwave radio frequency field is lengthened to
about one second. The long interaction time stimulates the desired
raciation of energy. _The radiated energy is amplified by electroﬁic
devices to a useful power level.
| For details the'fgader is referred to the bibliography, especially
?0 the éfticles by Ramsey, and byVVessot and feters.
:The frecuency cf a ﬁydrogen Maser has been determined as 1, 420,
;05, 751+ 300 cycles per atomic second (A.l system) at the Cruft Laber-
atorics at Harvard in 1962 [Marxowitz, 196La]. A comp- ison between
a kewlett-Packard portable caesium standard and the hydrosen Maser
operated at LoRH gave the ‘requency of the hydrcgen Maser as 1, 120, u4C5,
751.778% 0.16 Hz. Hydregen Masers have shown an extremely hich frequen-
cy stability of &£ 7 parts in 10*3 over several months of opzration
[Vessot et al., 196&]-
To this writer’s kncwledie hydrogen Masers have not yet come into
widespread use. #xtensive research and experiments are, however, going
on and excellent results have been obtained. A portable hydror... Maser

has been developed by Varian Associates, Palo Alte, California.

3.3 Secondary Frecuency Standards

Secondary frequency standards are those that must be referenced to
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a ﬁrimary stendard, either directly or by means of phase comparisons with
redio-signals. Quartz crystal oscillators have come into almost uni-
versal use 'as reliable secondary standards,of high short term stability.
The rubjdium vapour standard, élthough an atomic standaré, need$ to be
initially set with respect to a primary stendard, such as the caesium

beam, Fer this reason it is discussed in this section together with

- quartz crystal oscillators.

The basis of a quartz frequency standard (or-quarts crystal clock)
is a quartz crystal vibrator. In view of the following discussions of
quartz frequency standafds and guartz cloc<s a brief review of the

prirciple of quartz oscillators and resonators seems aopropriate.

3.31 Principle of quartz vibrators

The heartrof every quartz baséa fréquency and time standard is a-
gquartz vibrator that controls the frequency of an electronic oscillator.
Two properticss make quartz an ideal vibrator: its piezo-electric
property and its high mechanic-1 and chemical stability. Due to the
létter, it requires only a véry small anount of energy to sustzin oscilla-
tion; this fact is important since the amount of disturb;nce of the rate
of oscillation, i.é., the frequency, is proportional to the amount of
this energy. The piezé-electric property is as follows [VigOLreux,

1939, p. 1]:

If quartz crystals are subjected to comdression in cerﬁain difec-
tions relative to two crystal faces, negative electric charges are pro-
duced at the edge betwesn those faces, and positive electric charges at
the coposite side of the crystal (the crystal becomes polarized). Con-

versely, if the crystal is placed between two electrodes of different



electric potential, usrally thin metallie coatings deposited on the
crystal ty evaporation, mechanical stresses are produced in certain
directions within the crystal. The former pﬁenomenoniis called the
direct piezo-electric effect, the latter the inverse piezo-electric
effect. |

If alternating electric current israaplied to the elecfrodes, the

crystal is set in mechanical vitration, the frequency of which is ecual

g v, e 1

to that of the apnlied electriC‘field.j Resonance occurs when the apolied

rfrequency coincides with the patural frecuency of vibration of the
~crystal. In this case, the émplitude of vibration becomes considerably
large‘and correspondingly large dir:eCP piezé-electric effects are pro-
duced, which react on the electric‘circuit»employed for establishing

the difference of electric potential. The frequency at which resonance
occurs is primsrily dependent on the elastic prOperties‘of quartz and

. the dimensions and cut of the quartz clement used. Usually ouartz piates
or rods are used in this manner in so-called quartz resoﬁators, which

can be emoloyed as precision standgrds of frequency.

It is also possible to connec£ the quartz element to an electronic
tube in such a way that self-maintained oscillations are generated
[Vigoureux and Booth, 1950, pp. 89-106]. One of the best circuits for
this puréose is the so-calied Pierce circuit. In this circuit the
impulses issuing from the piezo-eleétric effect are fed back to the
quartz blate through the plate-grid capacitence of the tube. If the
capacitance of the osciliatory circuit is less than the value yhicﬁ
would make the freouency of the oscillatory circuit equal to the natural
freq;ency of vibration of the quartz element, the impulse is fed back inl

the right phase. If the damping of the quartz is small, self-maintained
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oscillations are oroduced. Usually’the piezo electric effects are am-
plified by electron tubes or transistors and a small amo % of the am-

olified power is fed back to the crystal to sustain oscillation.

The resonant frequency of quartz brystals7tends to urift higher

‘with age. The drlft is greatest after 1n3t|al mountlng and becomes

aiméét corstant after a certain period. ThlS phenomenon, called aglng,
orevents the use of éuartz vitrators as absolute standards of irequen=~ i>
cy. ‘Thé frequency of vibration depends also on the temperétﬁre and
oressure of the arbient air, and the crystal of an oscillatorlis thgre-
fore housed in a small oven. '

| Without going into fuller details it se%mé!qbvious,from what has _,'

been said that the performance of a crystai oséiilatgr depends toa

" large extent on the cut ané mounting of the crystal, on tho seiectinn

of the circuitry to sustain oscillatioﬁ, on temperature and pressure

control, and on the rate of aging. The theoretlcal 11m1t of relia--

* bility of a quartz crystal control;ed osc1llator, orov1ded all problems

concerring mounting, etc., are solved, is given by the inherent stability .
of the quartz crystal itself.

Two specific t3oes of quartz crystals are used nowadays in crystal
osciilators of highest sta-111ty. Thege are the rlpg-crratal, develowed
by L. Essen in 1938 at the'NPL, and the (T-plate, developed by w. P.
Mason in 1940, at the Bell Telephone Laboratories. These crystals are .
frequently used in modified Pierce circuits or Maecham circuits. the
latter uses a bridge to stabilize the amplitude of oscillaticn. Ultra- =
precise crystals of the GT-plate type and 2.5 Mz frequency are used in
oscillators in connection with various caesium beam resonators. They

are used, for instance, in precision quartz clocks at the USNO controlling

a-nsmissions,



'/50
For a detailed treatment of quartz resonators and oscillators, the
reader is referred to [Vigoureux and Bnoth,. 1950] which has been usged
extensively in this and the‘following section. The design and per-
'fﬁorniance of ultra-precise 2.5 Mc/s crystal oscillatorfs is described in

[Warner, Al960; Pe 1193] .

3.32 Quartz stan@rds

The most sften used secondary frequency and time standards are

quartz standard}s».

Frequency :
_ comparator
Crystal g Crystal | crystal
oscillator oscillator oscillator
100 kHz 100 kHz | 100 kHz

<’——-———-ﬁ (enerator -0 100 kHz

Frequency
divider
100~+10 kHz

¢ Generator a0 10 kHz

- Frequency
divider
101 kHz

»-———--—- /G’-irfe/r/ator o0 1 kHz

Motor~ -
- clock #=-0 1 Hz

Figure 3.2: Schematic of a quartz crystal frequency standad.
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In ivs basic form a quartz frequency standard consists of three ~
independent crystal-controlled uscillators, nominal‘frequency say 100

kHz, with an electronic divider chain giving an cutout of one huncredth

of the fundamental frequency, i.-., 1 xHz (Figure 3.2)s This 1 kHz.

«s1gn=l controls a motor geared to a clocx mechanlsm, giving impulses at

~

nominal one-second intervals,
The frequency of an oscillator is-often expressed as a deviation
from some nominal value. In the above,examolé, forsinstanCe, assume

that the clock mechanlsm xeeos meau tame. ' If the fraquency is greater

L P

"than 100 kHz the clock grlns, 1f .the frequency 1s less than 100 kHz the’s ot

~u

clock 1oses. ‘Thus, 1f the da11y clocx galn is C.0B86L mean seccnds,

3

" the mean frequency of” the associated osc1llator over the ir erval is

‘usually glven as + 1 x 10"6 from nominal. lhe deviation is a ratios’ -

>

Jalibratlon of frequency against time glves only the aeviation of the

mean frequency over the comparlspn 1nterva1. ‘Varlatlons abcut thls mean

of the individual osciliators;incorpbrsteé;in‘tﬂe frequency{sﬁéhdard.

From the early i9h0‘s*untii %bout'1960;,uéjcr’servicesﬂsuéh as" the

NES and. the British Pcst Off{c 2, used quartz standards as the basis- for

N

“precise time and frequency trarsm1351ons. .The accuracy of the trans- L:fs

mitted frequency £or the NES was about 1 oart in.108.. - f)" ‘Jsuuif

. At ¥
- .o Lo o Y

Manufacturers, of quartz oscillatqrs used as frequency standards

Fid

are too numerous to be listed here.

- L . - .
w B . .

P
- - o, "

)

~are determined continuously and automatically by comparing the frequenc;es$f43;faf@

o

333 The rubidium vavor standard - * I R ; S

The rubidium vapor standard is a recent develooment,and‘offers{hiéuﬁ fh“;”‘
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short term frequency stability in a s:all 2:pavetus. Lhe ossraticn of
the rubidivm (rb) standard is similar to the caesium beam in that it uses
a passiv’ atcmlic resonator to stabilize a quartz oscillator. It is

based on atomic transitions occurring in Rb-87 atoms. It is a secondary
st:ndard becsuse it must be calibrated against a orimary standard, e.g.,
a caesium standard, during construction. The device uses a rubidium

lamp to stirmlate transitions of Rb-37 atoms. The frequency of the Rb
vasor standarcé is 6, o34, €42, €1, Hz [Mccklé?, 194, pe. 52&]. For
det2ils the reader is referred to the bibliosraphy. especially to the
articies by Arditi and larver, and by Packard and Swartz.

The frecuency of a rutidium vayer standard mam:factured by Varian
Associates was compared to A.1l for atout seven months in 19963 and found
to be constant to atout 3 parts in 1011[Markcwitz, 195&31. A long term
stability of 1 x 107! ¢cpr even 1 x 1072 for rubidium vapor standeris
is predicted by [ Arditi and Carver, 156k, p. 51]. A rubidium frequency
standard weiching only 20 Xec has been develcoed by General Technology
Corporation, Torr:nce, Califourria. The advertised long term stability

after initial setting is & x 1071* (st*andard deviation) for cne year.

3.4 Clocxs anu Chroncmsters

The history of man-made timexeening devices antidates the 2Cth
century by atout 3500 years. ‘lhroughout the ages iﬁproﬁéments «n time-
«eening centered around the he=art of every clcck: aﬁ oscillatory device
which depends upcn resorance for the constancy of oscillation. Once a
constantly oscillating device is found, i.e., a frequency standard, only
some mechanisms such as dials or time indicators need to be added to

constitute a complete clock.
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In the following discussion the term clocs is reserved for a device
that is regulated with respect 1o a primary time standard, such as the
Earth’s rotation, or which constitutes a primary time standard itself,
such as an atomic clock. Portable timekeepers of high precision are
termed chronometers. They ara of particﬁlar interest to the geodesist
and for this reason a list or orecision crystal chronomete: s is given in
Section 3,421, Mechanical chrcnometers, althouch in common use, are nct
inclnded,

For the sa<e of compl. teness we shall start with a very brief
descripiion of mechanical and electro-mechanical clecks. An interesting
summary of the develoment of timekeeders from sre-history to the quartz

clock may be found in [Marrison, 1958, p. 510-531].

3.41 Mechanical clocks

The first satisfactory oscilictory device was found to be the
pendualum. C, Huyeens, followire an obssrvation of G. Galileo, con-
structed the first pendulur. clocx in 1567. Since then, mechanical clozgs
employin~ a oendulum, or a balance wheel and hairsoring in ccnnection
with an escapement to count the frequency of oscillations, have achieved
a high state of precision. The source of power for these recchanical
clocks are weights and springs, resoectively. Time is usually indicated
on a clocx face through svitable mechanical gearing.

Electric clociks utilize electric currents as a source cof power or
as a means to sustainr the oscillatcry motion of a pendulum. The most
famous of the electric clocss is a so-called free-pendulum ciocx, the
Shortt clock. It consists of twoc separate clocks whic:: operate in syn-

chronization. The timekeeoing element is a free swinging pendulur that
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receivzs an impulse from a falling lever every half minute. The lever
is releases Ly an electro-masnetic signal from the slave cloc«. Upon
delivery of the impulse, a syncuircnizing signal is transmitted back to
the slave clocx in order to assure that the followirg impulse to the free
pendulum is given exactly one half-minute after the preceding impulse.
The pendulum swings in a tewperature and pressure controllea chamber.
Shortt clocks were used at several observatories, c.g., at the
USHO and at the RGO for determination and dissemination of precise time
until the mid 1940°s, when they were replaced by quartz crystal clacis,
which in turn were sunerseded by atomic cloccs. The accuracy of Shortt
clocks is remarxgably high, having a constant rate to abvout 2 milli-
seconds oer day. They are ncteworthy for the fact that their use forced
the introduction of mzan sidereal time in the eerly 1930’s. Pefore their
davelooment nc clock had a sufficiently =mall ratc to detect the
difference kbetween AST and M:T, Other mechanical clocgs with very high

nrecisicn are the hiefler and the Leroy cloc«s.

I

242 Quartz crystal clocks

The fundamen*zl differerce tetween precision pendulum clocks, €.g.,
Shortt cleeg, and quartz crystal clocks, and atomac¢ cloc«s for that
matter, is that the latter do not incorporate an oscillatery device that
depends on gravity for controlling the frecuency of oscillations.
Hence, a quartz clock or quartz chrcnometer will keeo its rate at any
geograohical location, or if carried in an aircraft.

n

-4

In effect the quartz crystal clock is a frequency stundard.
principle it is similar to the equipment siown in rFigure 3.2. Auy

oscillator cavable of producing an accurate, prec®se frequency can be
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made the basis of a clock. Hovever, since the frequency required for
clock operation ig 1 Hz and the frequency of th: quartz vibrator is of
the order of 0.1 MHz to 5 MHz, complex electrornic freguecncy Jividers
are vequired to step down the freqgiency to a useful level for clock
driving. Thus maintezining a time svandard places additicrzl requirements
oin top of those needed when maintairing a freguenry standard alore. A
compiete quertz crystal clock in princinle comorises one or more pre-
cisicn crystal oscillztors, a frequeucy divider, and a clock, either
s;renrcnuous meter eleck or decade countarse.

Large cuartz crystal cleocs assemblies heve been usad at major
observatories since about 1742 in ccnnection with astronomical ti:
crns2rvations. Until the acvent of the atomic frecuency standacds their
drift retes wore determired witk resnect to the Earth’s rotztion, correc-
ted fer gnown variaticns in rotaticn spoad. Quartz crystal clocks have
attairea a high state ¢f reliability. Using tie Lest svailable crystals
(CT-plate or ring~crystal) the dsy-to-day variation of a quartz cleck
based on a 2.5 Mz oscillator is stout (.2 microseccnd [Harxowitz, 1965].
The rate of the quertz clocx essociated with the caesium resoratcr at
the iU drifts about 0.C1 microsecend ner dzy due to aging of the cry-
stal [marxcwitz, 19€2a, o. ll]. A concise acccurt of the develcopment of

aquartz crystal clecks is ¢iven ir [‘érrison, 146, oo, 52;-560].

f.u2)1 Fortable quartz crystal chroncmeters

Portable precision timekeeners are of greatest interest to the
geodesist. Portable, compact quartz chronometer units or portable
assembiies of oscillator, frequency divider and clocs. have anpeared on

the market in large numbers since atout 1960 and are met more and more

frequently. In fact, they hav: become almost indisvensable in connection
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with observations of artificial satellites, where timing accuracy is of

utme st imocrtance. To most units autcmatic printing equipment may Le
attached {(if not part of it) that orints out the exact epoch of any
jncomirg signal, e.g., from star observations or radio signals, o

fpactions of seconds.

Some of the commercially avaiiable crystal chronometers are listed

in Table 3.i. <he tab on conv
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1, 14, 1B, and 1C, Commercially Available Portvabie Crystal Chroncemeters
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ctween 1960 and 1963 to members of Special Study Grouwp No.

l, of the Intermational Associaticn of Geodesy, Ly &. R. Rebbins; head of

.

the ztudy ereun.  Adcditions were made according to infermation provided
_ In all cases the listed data is based on
manufactirer’s descrintion. wioted pricés are cnly meant to indicate

orice range and may have changed since the data was compiled.

v

$.;3 Atomic ciocas

Actually there exi:ts no device that fits the leabel "atomic clock.”
.- tonm has heen assipgned to crartz oscillatcrs which are stakilized
in freouency by an atomic rescnator. The clocs itself is driven by the
oscillator’s frequency output. In the literature cften, and appropriate-
ly, no distinction is rade between atomic frequency standards and atomic
cloczs. In the case of the czesium atorsc resonator, for instance, it
is feasitle to associate a orecision quartz crystal clocg with the
caesium resonator, and the whole setup ijs then termed a caesium atomic
clock which keeps a particular atemic time. A typical example of a cre=

sium atomic clock is the Master clock of the USNC.
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"The Master clock, which is a combinetion of atomic resonator,
quartz crystal osciliator, and clock movemeni, constiitutes an atomic
clock in the sense that time is shcwn in hours, minutes, seconds, and
fractions, and the rate is goverred by oscillations orcduced by the
caesium atem” iMarlowitz, 1562a, p. 11].

Atomie frequency standards have been described already in Section
2.2 and nct much more can be added here. However, in order that the
concept of an atomic clock or atomic time stcidard may he fully under-
stood, the Master clock of the USMO, will be described, based on
[Mnrkowitz, 1962a, op. 10-11]. The Master clock which determi:es stand-
ard time for the United States is shcwn in Figure 3.3.
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controls the freaquency of the clock system. The freogeency is stable over
several months to atoitz 1l peart in 10t0, Day-to-day variations within a
montliy, 4 nct excesed #1 oart in 1041, The atomic resonator is oserated
about 2 hours each day and it is used to chec« the freguency c® a 2.5
MHz quartz crystal oscillator manufactured by the Western Electric
Company. The 2.5 MHz frequency is divided electronically to oroduce an
cutpout of 100 ¢Hz. which is fed to a clock made by the Hewlett-Packard
Comnany. The clock consists of another electronic aivider, clock
mevement, and seconds pulser. Tlhe 100 xHz frequency is further divided
to 1 kHz which drives a synchronous moter. The motor is geared tc in-
dicete hours, minutes and secords. The nulses are nroduced once per
second and are spaced evenly with a precision of about C.Cl micresecond.
It is the seconds pulses that are used as precise reference for the
astronomical observations, e.g., PZT and Moon camera obscrvauvicnc.
Although the caesium resonator is nct overated continuously for it is
a complex device, the oscillator and clock are operated without stopping

for years. They are driven by storare batteries which are continuously

recharged,
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tor the aging of the crystal (about 1 x 1077 secfday). It is also off-

chk
f

S€ev LI0n L€ auoiil ITrequengy £o thal the Time

uency so that the time interval kept oy the
clock is closec to the mean time interval (UT2 system). The offsei is

explaired in Section 5.2.

3.431 Portable atcmic clocks

Portable atomic clocks may bte formed by associating suitable high
precision oscillators, frequency dividers and clocks (either synchrono-
mons motor clecks or decade counters) with portakie atomic frequency

. Marufacturers of sneh portabl standards have

a
23]
v
a
£
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D
o
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been mentioned in Sections 3.21 arc .22, reswecuively.

Figure 3.3: The Master clock room of the USNO. The caesium resonator,

an Atomichron, is in the cabinet to the right. (Off :
pho‘t,ograph.) g ( icj.al U.S. Lav‘y
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IV, VARTIATICONS IN ROTATICNAL TIME AMND RELATED TOPICS

4.1 Introduction
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ohie locations.

Another phenomenon, polar motion, causes variations in the position
of the meridjan, hencc, a variation in longitnde, and consequen®ly, in
time. The effect of polar motion on rotatiunal time is different for
szch reographic location.

In this chapter a brief outline of the effects of the variaiion in
rotation speed and polar motion will be prescnted. No effort is made to
provide an insight intc the major theories concerning the cauce, of these
nomena.  Tnstead, acceviing the variations in rotational speed and
solar motion as facts some orincipal observational metlods of ‘etecting
the macnituade of the variations, and adosted w:ys to comoensate for them,
+.ill be outiined.

The practical aim of all techniqués’of determining and ccrrecting
for the variaticns in the rotational speed of the Zarth and the mction of
the oole is a time systei, as uniform as pracilcai, and yet in accordance

with the rotation of the Zartii. ouch a time syst.m is the UT2 system.

4.2 Polar Motion
The Earth rotates about an instantanecus axis. (wing tc the rravite
tional attraction of the Sun, Moon, and planets on the eguatorial bulge

of the Earth, the orientation of the instaﬁtaneous axis in space changes.
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The secular part of this motior is termed precession, the pericaic part
is collectively called rutation.

The term polar moction reters to the motion of the terrestial pole of
the Earth with respect to a fixed point on the surface of the Earth. ~Folar
motion has periodic teris of 12-month and lu-month, and a still widely
debat d secular term. Unlice precession and nutation, these terms are
rot due to gravitation.

In the iiterature the term variation of latitude is often used in
lieu of polar motion. Although the magnitude of the variation ir +le
pole’s position is generally determined from latitude observations, the
expression is a poor choice since longitude and azimuth both vary due
to the motion of the pole as well.

Solar moticn was discovered by F. Kuster in 1890. S. Chandler found
in 1871-1692 the 12-month and li-month periodic motions of the instan-
taneous pols atout its mean pecsition (Chandlzr-period). Following these
discoveries an international institution, the International Latitude
Service ( ILS ) was establisned in 1(?) for the purpose of determining the
totai motion of the pole, i.e., to deteraine pericdic and possibly secular
veriations ir the pole’s vosition. The ILb was reorganized in 1962
into the International Pclar Motion Service ( IP> ) following resolutions
of the XIIth gereral assembly of the IAU at Berkeley in 1361. ‘he
central bureau of the IFMS> is located at the idzasawa OUbservatory, Japan,
and its activities are directed by an international scientific council
[Yumi, 196&]. In principle, the IPio continues the work of the ILo.

Another institution, the Rapid Latitude Service (filo) was established
by action of the general assembly of the IAU at Cublin in 1955, and put

under the direction of the BIH, The function of the KL: is to provide
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the coordinates of the instantaieous pole on a nearly current basis so
that corrections to observed UTO time may be derived with a minimum of
delay. At present, corrections to observed time for the polar motion
are strictly based on HLS results [Nautical Almanac Offices, 1961, . hhé].
The motion of the pole is usually determined from continuous latitude
observations at so-called latitude observatories. At pre:zent there are
about 23 such stations located about the worid, some of them determine
time and latitude simultaneously. Five of these stations are designated
ILS stations, located at nearly the same l=titude (39°03 MN); only these
are engaged in the determinztion of the total motion of the pole (sée
Table L.1). The other stations primarily participate in the RL> program,

which will be descrited in Section 4.24.

4.21 Principles of observation and reduction methods
Three types of instruments are used at the latitude observatories

to determine the motion of the pole: the PZT, described ir Section 2.21;
the Danjon astrolabe, described in Section 2.22; and the zenith telescope.

The five ILS stations use zenith telescopes. The telsscope, with
focal length of about 130 cm, is mounted at the end of a counterbalanced
horizontal axis. 7The tube is restraine? to move in the plane of the
meridian, and the telescooe may be rotated about a verticzl axis. A
divided circle is used to set the instrument, but th2 observed latitude
depends on the level and micrometer reading only. The probably error of
the latitude for one nights observation is about#C:1C [Mar&owitz, 1760,
Pe 223}. For details on zenith telescope observations the reader is re-
ferred to[Bomford, 1962, pp. 268-275}.

The principle of latitude d2termination with the PZT and astrolabe

has been given in Sections 2.21 and 2.22, respectively.
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The method of observztion of latitude used with the zenith telescopes
at the five ILS stations is generally known as the Horrebow-ialcott
method, whose orinciple is briefly as follows:

A star pair, consisting of cne star to the north, the other to the
south of the zenith, are observed at nearly the same altitude and time in
the meridian. The telescope is reversed about its vertical axis between
observations on the north and soutn star. The inclination of the cotical
axis is maintained ‘n the two pcsitions by means of spirit (Horrebow)
levels. HMicrometer readings are taken on each star which, throagh appli-
cation of a scale factor, are a measure of the zenith distance difference.
The latitude is given by

B=1/2 [bg+ 8, + (x5 - )] (4.1)
where bn and Ss are the xnown declinations of the north and south star,
res»nectively; and r, and rg are the micrometer readings on the north and
south star, converted into arc. The Horrebow-Talcott method is fully
described in [Hosxinson ané Duerksen, 1947, pp. 63-82], and in [Bomford,
1962, pp. 263-261].

The PZT method described in Section 2.21, is in fact similar to the
Horrebow-Talcott metl od, with the PiT, Sn = 55, because of the rotation
of the plate throigh 180° when observing the same star near the zenith.
The quantity (rs ~ r,) is determined from the photcgraptic plate with a
measurirg engine.

In all three methods observations are made at equal or nearly equal
altitudes, cn opposite sides of the zenith, in order to reduce the effect
of refraction anomalies.

The lstitude determined is directly affected by possible errors in

the declinations of the stars ﬁsed, and also by any systematic errors
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in the proper motions or the stars.

One wethod to aveid these errors is tu place three or more stations
on the same parallel of latitude. If these stations observe the same
stars all the time, chenges in the latitudes of these stations can be
determined which a~e free of the abcve mentioned errors.

The IL: stations, located at atout the same latitude of +39°08
observe the same groups of stars, which are changed periodically. Due
to weather conditions they cannot always observe the seme stars.
Asymmetries are compensated by an internal adjustment of the observa-
tiors and have a small second order effect on the derived position of

the pole rl"‘ari{owitz, 1960c, o. 327].

L.22 The effect of volar motion on latitude and lorgitude

it is customary to describe the position of the instantaneous gol2
in a plane rectangular coordinate system with origin at some defined
mean pole. The coordinate system is chosen such that the positive
X-axis is along the mean Greenwich meridian and the positive Y-axis is
directed along the meridian 30° te the west, as shown in Figure L.la.

Equations expressing the effect of the motion of the pole on the
latitude and longitude of an arbitrary station may be derived from Figure
u.lbe

A transformetion between the mean X,¥,2, and instantaneous X', Y',

Z', rectangular coordinates of an arbitrary station will be of the form

X X
Y = R X' ] (uOZ)
Z z

where the elements of the matrix R are functions of the coordinates,

x, ¥ (in seconds of arc)ot the instantaneous pole.
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Fizure 4.1 b: The effect of the motion of the pole on latitude
and longitude. P and P, are the mean and instan-
. taneous pole, respectively.
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cos (X' ¥) cos(¥'X) cos@X)
R=lcos®¥) cos(¥Y) cos(@¥) |,
Lcos(x'z) cos(¥2) cos@Z)

where the direction cosines are as follows:

cos@X)F cosx; cos('X) sinxsiny; cos@X) sinx cos y
cos®¥)yE 0O cos('YXx cosy cosZ' ¥ sin y
cos(CZ) - sinx; cos('Z) - sinycosx; cos@ Z) cos x cos y.

H

Yince x and y are small quantities, we may set cos x = cos y = 1,
3i~ x = x, and sin y = y. After aporooriate substitution we get,

neglecting products xy,

1l O +x
R=10 1 +y}. (L4.3)
-x =y 1

The relationship between the gecdetvic coordinates ¢ , A, and the
cornoonents of unit vectsis X, ¥, Z, of ary point are (assuming the Earth

to be a sphere of unit radius)

X = cos@cosA
Y = -cos@sinA (L)
Z= sing .

Substitution of (L.L) and (L.3) into (L.2) yields
Fcosjm cosA rcosfo cos/\o-

-cos @, sinAp| =10 1+y | [=cosfy sinAg| ,

- -

P
1 O +x

sin -x -y 1 sin

; m | | 4 J B fo _J
where jm, A m? and Py, Ao refer to the mean (fixed) and instantaneous
(observed) latitude and longitude, respectively.

Multiplying we get

cos §m ccsA = cosg, cosAy + x sin@o, (L.5)
-cos @ sin/\;; = -cosP, sinAg + ¥ sind,, (L4ed)
sing = -x cos@o, cosAo *+y cosgo sinA o, + sin go . (L4.7)

From (..7) it follows tha*
sind = sind, + cos@o (v sindgy -x cosAg) - (L.8)
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According to Taylor’s expansion we can write (since ﬁo and fm are nearly
equal),
31—‘.§m = sinfo M (_fm - Po) cosdo +
from which follows
sing, + (Q’m -@o) cos@o = + sind, + cosPy (v sinAy=x cosAg),
and consequently ,
AP- fm -, = v sinflox cosAg o (L4.9)
From an extended observation program of many stations i observation
equations are set up which are of the form
é% - ﬁ% =xcos AL - y sin/\% + 2, (4+10)
where P is the observed latitude, & iis an adopted latitude for an
initial epoch, /\% is the instantaneous longitude of the station, and z
is an unknowr that is included to allow for errors that affect all
stations using the same observing orogram alike, such as errors in proper
motions and star coordinates. Equaticn (4.10) is solved by a least
squares aporoximation for x,y,and z. x and y are the ccordinates of the
instantaneous pole, which are referred to the mean pole of a certain
epoch (the same epoch to which the zdopted coordinates of the stations
refer to) [Markowitz, 1961, p.31].
The equation for the effect of polar motion on the longitude of a
station follows from Equation (4.5), which reads
cos, cosA = cosg, cosAy + x sing,.
From (4.9) we have
Fo= 8.~ (ysinAg - x cosAp) =@ -Af.‘
A& is, however, srall and we can let sin 4@ =ag, and cosad = 1.
Then, singo=sing -cosf o, (4.11)
cos @ o =cos§m+sin§mdf- (L.12)
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Let A, = (A, -AA), then, treating the small quantitysAsimilarly as
Afs we get

cosAg = cos (A, -aA) = cos/\m + sind,_aA . (L.13)
Substituting (4.11), (4.12), and (4.13) into (4.5), multislying and
dropoing second order terms, e.g., xy, x2, xAA, etc., and further
assuming that sinA, € sinA,, and cosl‘.m g cosA,, we get (neglecting
the index forA),

cosg  cosA = x sing + cosg cosA+ cosg sinA  +

y sing,, cosA sinA - x sin@'m cosRA ,

from which, after replacing cos24 by 1 - sin2A , dividing through by

cos & m sinA , and rearranging, we finally get

-AA = (y cosA + x sinA ) tangm. (L4.14)
Since A\ = Am - /\o, we have for an arbitrary staticn i
10 AL = - i i i
Am Al (y cosA 1 +xsinAl) tangm. (4.15)
Observaticn equations of the form
Ag - /\;:1 = (y cos A 14xsinA 1) 'tangi + d (L.16)

could be used in the same manner as Equation (L.10) to solve for the
coordinatzss of the pole by a least squares avnproximation. The quantity
d has the same meaning as 7 in Eouation (4.10).

For completeness sake, the azimuth equation shall be stated without
derivavion as given by [Bomford, 1962, p. 329]:

A =ho= -(x sinA + y cosAA ) sec S.Zm' (L.17)

Equations (4.7), (4.15), and (4.17) may be derived using standard
formulae of spherical trigonometry. A solution is given by [Raeschlin‘,
1948, pp. 867-871).

In practice, Equation (L.10) is solved for x, y, and z. Using these

results, corrections to longitude, hence time, are cslculated from
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Equation (4.15). It has been proposed by [Markowitz, 1961, pp. 36-37]
and [Murray, 1961, pp. 59-77] to utilize results from PZT and astrolabe
ouvservations (both instruments determine time and latitude simultaneously).
The sclution for the x, y coordinates of the pole would then come from
a combination of Equations (4.10) and (L.16).

Observations from two stations located on the same parallel, and
using the same star program, would yield two equations for the differ-
ences in observed latitude and time, as follows:

df = ax + by + z (4.18)
dA = 1/15 (bx - ay) tangd + 4, (L4e19)
where 8 = cosAy - cos Az, and b = sinA , - sinAy ; d@ Ty P
A@, and dA = aA, - AA:.
Two stations will give a solution for x and y, a third station on the
same parallel would allow a solution for z and d also. Further details
are given in the articles by Markowitz and Murray, mentioned above.

It should be mentioned that astronomic latitude, longitude, and
azimuth, determined by any of the methods commonly used in geodetic
astronomy need to be corrected for the motion of the pole. The correc-
tions are calculated by means of Equations (L4.9), (4.15), and (4.17) in
exactly the form given here (see also Secticn 6.51). In the practical
evaluation of the sine and cosine in these expressions, either A m °F

A\ o may be used.

L.23 The total motion of the pole and the IPMS
It was mentioned bafore that the IPMS is primarily concerned with
the total motion of the pole. In principle, Equation (4.10) is solved

by least squares for the coordinates of the pole. The observational
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data is obtained from the five ILS stations located as given in Table
4.1 below [Ynmi, 1965. p. 3].

Table 4.s

International latitude observatories of the IPMS

Station Longitude Latitude (1900-1905)
Carloforte, Italy + 8° 18" " +39° 08' 08%9L1
Gaithersburg, USA - 77 1157 +39 08 13.202
Kitab, USSR + 66 52 51 +39 08 01.850
Mizusawa, Japan +141 07 51 +39 08 03.502
Ukiah, USA =123 12 35 +39 08 12.096

The advantage of having stations located at nearly the same lati-
tude seems obvious. All stations can use the same star program and,
having adooted a uniform method of observation and reduction, the derived
coordinates of the pole should be free of arrors in star positions,

The exact method of reduction shall not be given here. An outline
can be found in [Markowitz, 1961, pp. 29-3% and details in [Yuni,
196k and 1965].

It shall suffice to say that over a period of about six years the
periodic motions of the pole average out. Cne of the programs of the
IPMS determines the position of the pole from the observational data
accumulated over six years. This position is usually referred to as
the mean pole of the epoch., The fact, that consecutive determinations of
the mean pole of the epoch showed a displacement of the mean pole
of 01003 to 04006 per year in the direction of about 55° west longitude

has led to much debate on the question of the secular motion of the pole.
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The apparent secular motion of the pole was, and by some authors
still is, attributed to various causes, such as errors in star positions,
errors in scale values of the mjcrometer, changes and inconsistancies
in the star program, and possible horizontal displacements of one or
more of the observing stations.

This disbelief led to much confusion in the definition of the mean
pole. Consecutive directors of the ILS have changed the mean coordi-
nates of the ILt stations to accomodate the apparent secular motion of
the pole [Stoyko, 196Lb, p. u2].

In recent vears the secular motion of the mean pole has heen proven,
and in addition, a random motion of the mean pole appears now very
likely.

Wm. Markowitz, who contributed greatly to the determination of the
secular motion of the pole, gives the following equations for the motion
of the mean pole [Parkowitz, 1960¢c, p. 350].

The secular motion is

- 0%018 + 010016 (t-1900),
P (4.2)
+ 0301 + 00028 (t-1900),

X

7o

and the random motion (libration) is

o = * 00012 cos 15° (t-1902) ,
(L.21)
Yo = - 00019 cos 15° (t-1902) ,

X

where t is the epoch,

Analyzing accumlated ILS data for the period 19C0-1959, Markowitz
found that the secular motion is 0?0032 per year along the meridian
60° W, and the libration with amplitiude 07022 takes place along the
meridian 122° W or 58° E, in a period of 24 years. Results of cther

investigators are given in Table L.2,
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Table 4.2
Secular motion of the mean pole from ILS observations®
Investigator Interval ‘Rate per year Direction of motion,
B. Wanach 1900-1915 04003 -55°
W, D, Lambert 1900-1917 0.0048 -3
Ww. D. Lambert 1900-1918 0.0C66 =81
H. Mahnkopf 1900-1922.7 0.C051 -62
H. Kimura 1900~1923 0.0058 -57
E. Wanach 1900-1925 0.00u7 -LZ
N. Jekiguchi 1922,7-1935 0.€103 -91
A, I. Crlov 1900-195C C.C0L2 -69
Wm. Markowit: 1900-1959 0.0032 -60

* reproduced from [Markowitz, 1960¢, p. 3u2].

The question of the epoch to which the mean adooted latitudzs, é‘i,
si.onld refer, hence the crigin of the polar mction, was settled by the
generzl assembly of the International Uninn of Geodesy 2#nd Geophysics,
a* Helsin.-, in 1960. It was decided that the mean pole of the epoch
1900-1905 shall be adopted as the origin. This origin is usually called
the new system 1900-1905 and the mean epoch is 1903. It was further
proposed to express the ccordinates of the instantaneous pole in the
follewing form [Stoyko, A., 1964b, p. u2]:

X =Xo * X1

Y=YotN
where x,y are the coordinates of the instantaneous pole calculated from
Equation (4.10), i.e., gﬁ;'refers to epoch 1900-1905, xq, Yo are the

coordinates of the mean oole of the epoch, i.e., the pole determined
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fror: otservations over a six year pericd, ard x3, y1 are the coordinates
of the instantanecus pole, calculated from Egaaticn (L4.1C) with g; equal
to the mean latitude of the arbitrery evoch (see Section L.2u).

The coordinates of the mear pole ci the epochs 1302 to 1957 are

listed in Table 4.3.

Table 4.3
Coordinate of mean pole of eonoch
mean epoch Xo Yo z

1903 0tCcoc 0%c00 o’coo
1909 -0.C07 +0.043 -C.CO1
1315 +0,CC1 +C.07¢ -0.C2¢8
1527 +0.C29 +0.05C -0.117
1932 +0.027 +0.130 -0.136
1338 +0.G31 +0.139 ~-0.037
1952 +0.CTL +0,1:.2 -C.Co4
1957 +C.C71 +C.178

(from [Markowitz, 1960c, p. 3&9], czlculated by G. Cecchini).

A plot of the motior of the instantaneous pole during the period
1940-19€L with respect to the new system 1700-1305, based on 1PMS
results, is shown in Figure L.2.

dince 1963, preliminary coorcdinates of the instantaneous pole are
published by the Central Bureau of the IPMS in “Monthly Notes of the
International Polar Motion Service®. The preliminary ccordinates are
given in two forms: a monthly mean, and a value at 0.C5 year intervals.

The data is given for periods about three months in arrears.
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Final coordinates, referied to the new svstem 1900-1905, are
oublished annually in Annual Report of the Intermationa: Polar Motion
Service. The ccordinates are given at Intervals of 0.C5 years and are
published for periods about two years in arrears.

It should be noted that data published by the IPMS is cotained from
observations at the 5 ILS stations listed in Table L.1 only, and that

the oripin of the IPMS data is the new system 1900-1905.

L.24 The Rapid Latitude Service

By definition,

uT2 = UTcl + ANl +4s

where i refers to an arb:trary observatory, AA 1is from Equaticn (L.15),
and oS 1ic the seasoral variaticn correction (see Section 4.31).
Thus, it is necessary to xnow the coordinates of the instantanecus
pole to obtain current. values of UI2. The ILS results, however, were
published with toc much delay in the past, and further, changes in the
ccenventional coerdinates of the ILO stations introduced breaxs in the
UT2 time scale.

To aveid these problems, the RiS was estatlished for determining
and distributirg polar motion corrections to observed time. The general
assembly of the IAU at Moscow in 1958, decided that the RLS should use
the mean pole of the current époch as origin for the calculatior of the
coordinates of the instantaneous pole [Stcyko, l96hb].

This means that time corrections due to the mcticn of the pole are
bascd only on the periodic motions, i.e., Chandler terms, and that
secular motion is neglected. The coordinates published by the RLS

since January 1, 1959 are based on the mean pole of the epoch. 1In
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Burcau Inicrnational de 1°'Heure

Circulaire n* 117 (20 décembre 1965)

Coordonnécs du pdlce instantané rapportées au pllc moyen de 1'épcque et corrections de loagitude
TUl-TUG. a oPru.

Tatleau B. Valeurs interpolées

Date J.J. {nterpel. R
1965 2439 c y Al BA BG R} BRo Bs Bu G H HP
Nov. 15 059.5 +0:198 -07077 °+0.0633 - 96 + 1 + 2 + 14 +40 - 12 + 62 + 38 + 37
25 089.5 + 187 - 103 ¢+ 46 - 97 + 25 + 20 + 37 +59 + 6 + 83 +62 ¢+ 53
Déc. 5 099.5 + 170 - 126 ¢ 50 - 97 - 49 + 39 + 61 + 77 + 25 +102 ¢+ 85 + 69
1965 Ir Kh L LP ] Mi up MS Mz N Nk Nm (1] Pa
Nov. 15 -182 - 44 -39 -97 -59 +30 -88 + 79 -89 + 38 - 28 -178 +143 + 53
25 <158 - 24 - 8 -98 -33 +48 - 90 + 8 -107 +56 - B8 -165 +139 ¢+ T2
Déc. 5 -169 ¢+ 1 + 26 -98 - 4 +65 -87 + 92 -111 + 74 + 12 -146 +132 + 91
1965 Pr Pt Pu RC RK RJ SC SP Ta Yo U vi w Zi
Nov. 15 + 21 + 26 -38 +67 - 10 - 54 - 93 + 48 - 92 -90 + 51 ¢+ 1 +113 - 84
25 + 42 + 49 - 7 ¢ 64 ¢+ 17 - 37 -82 +60 - 81 -9 ¢ T1 + 24 +110 - 87

Déc. 5 + 63 + 73 + 26 +61 +47 -59 -89 + 71 -67T -99 ¢+ 92 + 49 +104 - 86

Tableau C. Valeurs extrapoldes

Date  J.J. Extrapol. Ba 81 Be & H Ir Kh L M MS Mz
1966 2439 x y
Pév. 13 169.5 -07018 -07161 -07003 +10 +13 +13 +14 - 2 +11 +17 +13 + 7 - 6
23 179.5 - 45 - 152 - 2 +10 +14 +12 415 0 12 +I18 +15 +5 - 4
Mars 5 189.5 - 712 - 137 - 3 +10 13 +11 +13 + 3 12 +18 +15 + 4 -
1966 N Nk O fa Pr Pt Rc Rg RI SF Ta To U W Zi
Pév. 13 S11 +11 +2 +12 +12 +14 O 16 -3 +8 +4 -5 +13 +1 -2
23 “11 +I1 0 412 413 14 0 +16 -2 +7 +S -6 +12 0 -1
Mars 5 Il 11 -3 410 412 13 -1 +16 -2 +7T +7 -3 11 -2 -1

Les coordonnées du pdie sort calculées d'apres les données des 33 stations suivantes : ALGER,
BELGRADE, BESANCON., BLAGOVESTCHENSK, BOROWIEC. CARLOFORTE., VRESDE. ENGELHARDT. GAITHERSBURG,
GORKE. GREENWICH. HAWBGURG Hydrogr., HAUTE-PROVENCE, IRKOUTSK Astr.., KITAB (2 imstr.) LA PLATA,
MILAN, MIZUS/™A (2 instr), MONT-STROMLO. NEUCHATEL. OTTAWA, PARIS. PECNY. POLTAVA (2instr.),
PO'*SOAM. POUL..OVO, QUITO, RICHMOND, TOKYO. TURKL-TUORLA, 'IKIAH. VARSOVIE-JOSEFOSLAW. WASHINGTON.

Figure L.2: RLS coordinates of the instantaneous pole referred to the
mecn pole of the epoch, and values UT1 - UTO at UT. Abbreviations
are identified on Figure 6.7. J.J. stands for Julian Date.
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other words, the coordinates xo and y, of Equation (4.22) are ecual to
zero since that datej thus x = x3 and y = y3.

The pole used since the above date by the RLS has the following
coordinates in the new system 1900-1905 [Markowitz, 1961, p. 36] :

Xp1s = +0%031

yRIS = +0:159 °

In the above publication, Markowitz strongly proposes that the
secular motions should be considered in time corrections, and that the
RLS pole ought to be the same as the IPMS pole. This seems desirable
if one considers that the secular motion since 1900 has about the same
magnitude as the periodic variations during one Chandler cycle. The
change has nct been made as of yet.

Coordinates of the instantaneous pole are calculated by the RiS
from cbservational results of 33 stations, including the ILS stations.
Most of the stations are observatories which participate in the determi-
nation of the mean observatory (see Section 6.521). The coordinates are
calculated from Equations (4.1G) and {4.16), or a combinatiocn of the *.o.
Publica;ion of the data is made in two forms through the EIH,

Table B, Figure L.2, gives interpolated coordinates x, y of the
instantaneous pole with respect to the mean pole of the epoch, tabulated
for OMUT at ten day intervals. The period covered is ustally about cone
month in arrears of the date of publication.

Table C, Figure 4.2, gives extrapolated coordinates of the instan-
taneous pole for periods of about two months ahead of the date of publi-

cations
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Both tables contain the values a\= UT1 - UTO for each of the time
services participating in the determination of the mean observatcry.

The interpolated values are used to determine final corrections to
observed time, the extrapolated values are used for preliminary correc-
tions.

Thus, final values of UT1 and UT2 are based, among other corrections,
on the interpolated values of the instantanecus coordinates of the pole,
as determied by the ELS [Markowitz, 1965].

Corrections to observed time and radio time signals are more fully

discussed in Section 6.5.

4.25 Comparison between IFMS and RLS coordinates

’. comparison between IPMS and RLS coordinates of the instantaneous
pole is shown in Figure 4.3. The plot of the IPMS pole is taken from
[Yumi, 1965]. The path for the RLS pole nhas been plotted frcm data
contained in Table B of the BIH circulars Nos. 99 to 106. The RLS
coordinates have been reduced to the new system 1904-1905 using the
values given by [Markowitz, 1961, p. 36] mentioned above.

Table 4.4 shows the differences between IPMS and RLS results for
1963. The IPM> data is taken from [Yumi, 1965, p. 98] the RiS data was
obtained by interpolation in Table IV of Bulletin Horaire, Série H,
Nos. 1 through é, reduced to the IPKS pole of 19C(-1905,

1t should be noted that the RLS coordinates listed in Table 4.l
have been determined from observations at about 33 obse.vatories. The
IPMS coordinates have been determined from observations at the five ILS
stations. The IPMS values have been read from smoothed curves. The
last figure in the ax and 4y colums of Table 4., should be regarded as

approximate,
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Table L.L4

Comparison of published IPMS and KLS coordinates of
the instzntaneous vole

Besselian IPMS RIS IRMS - RLS
Yyear X Y X y ax Ay

1963,00 -07121 | +0%2Lo | -0"123 | +0"189 | +0%002 +05059
.05 -0.119 | +C.295 { -0.118 | +C.225 | -0.c01 | +0.07G
.10 -0,1C5 | +0.329 | -0.118 | +0.252 | +0.013 | +0.077
.15 -0.C76 | +0.356 | -0.095 | +0,272 | +0.C19 | +C.C6L
.20 -C.038 | +0.376 | -c.062 | +0.288 | +o0.c24 | +0,088
.25 +C.C09 | +0.288 | -C.C12 | +0.298 | +0.C21 | +0.090
.30 +0.C70 | +0.357 | +0.018 | +0.,297 | +0.C52 | +0.090
.35 +0.134 | +0.375 | +C.C75 | +C.282 | +0.C36 | +0.093
L0 +0.191 | +0.3L9 | +0.14i; | +0.251 | +0.C47 | +0.098
5 +0,239 | +0.207 | +0.184 , +0.206 | +0,055 | +0.101
.50 +C.274 | +0.251 | +0.214 | +0,160 | +0.06C | +C.C91
.55 +0.301 %173 | #¢.231 | +0.115 | +0.07G | +0.078
.60 +C,281 | +0.139 | +C.231 | +0.,C7C | +0.C50 | +0.069
.65 +0.237 | +0.C91 | +C.213 | +0.,022 | +C.C24 | +0.069
.7C +C,176 | +0.CL4E | +0.172 | -c.C25 | +0.004 | +C.C71
.75 +0,112 | +0,008 | +0,113 | -0.C61 | -C.C01 | +0.069
.80 +0.Cl8 | -C,020 | +0.C3¢ | -0.0¢78 | +0.C10 | +0.058
.35 -C.011 | +0.C05 | -0.C39 | -0.0686 | +0.C28& | +C.073
.90 -0.069 | +C.Cchl { -C.1CB | =-0.C36 | +0.C39 \ +0.C77
.95 -0.122 | +C.Cc78 | -0.157 | +0.C10 | +0.C35 | +C.C68

In spite of the large differences both publications list the data
as coordinates of the instantanecus pole. This is just an indication

cf how difficult it is tc determine the absolute position of the oole.

L.3 Variations in the Ea:th’s hotation Speed

Similarly to the discussion of polar motion we will not enter into
thecries concerning the casuses of variations in the rotation speed of the
Earth, but accept it as fact.

Three tynes of variations in the rotation speed of the Earth have
been proven conclusively: a gradual secular retardation; periodic varia-
tions witk annual, semi-annual, 13.6, and 27.6 day periods; and irregular

variations. Only the periodic variations are considered in time corrections.
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In generrl, the secular retardatior is attributed to tical friction,
especially in shallow seas, It has been determined from analysis of
ancient eclipse records and astronomical observations since the 17th
ceritury. The effect of the secular retardation is about h?S x 1C-8
per day, or 030016 per century [Mihlig, 1960, p. 51].

Irregular variations are the most mysterious of the changes in
rotation speed. They are usually thought to be caused by unknown
phenomena within the Earth. It was formerly believed that sudden chang:s
in rotation speed occur. Since atout 1950, however, it is thought that
the irregular changes are the result of accumulated, small random
chai:ges, and that abrupt changes do not occur. Irregular variations are
determined from comparisons of UT2 zgainst ET or AT, after effects of
secular and periodic changes have besn removed. The U, 5. Naval Observa-
tory determined, from comparisons of UT2 with caesium standards, that a
practically uniform deceleration of the Earth’s rotation toox place be-
tween September 1355 and January 1958. The deceleraticn amounted to an
increase in the length of the day of 0.43 milliseconds per year for
the period under study [Markowitz, 1958, p. 30 ].

Results of a longer comparison interval showed a deceleration
from June 1955 until about September 1957, an acceleration until about
January 1962, and a deceleration until about 1964.25 [Phrkowitz et al.,
1964, pp. 15&-155] . A graphicsl representation of this investigation |
is shown in Figure 4.i. The figure shows the monthly means of UT2 ~ A.l,
corrected for a linear term, based on observations for UT2 at the USNO

and its substation Richmond.
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L4.31 The seasonal variation

The annual and semi-annual periodic variations in the rotation speed
of the Earth are, collectively called seasonal variation.

Part of the annual seascnal Qariation is due to earth tides induced
by the attraction of the sun. The resultant change in the firsure of the
Earth causes a change in the moment of inertia. Since the angular momen=
tum is constant, a change in rotation speed occurs.

Another annual part, which cannot be explained through gravita-
tional theory appears to be mainly due to winds. The observed semi-
annual, ncn-gravitational variation has not yet been satisfactorily

explained, The amplitude of the semi-annual term is about 9 milli-
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seconds [Markowitz, 1958, p. 29].

The seasonal variation was first reliably determined by N. Stoyxo
in 1937, at the BIH. He used a combination of quartz-crystal and Shortt
cloci.s ard found from an analysis of time observations, that the ampli-
tude of the seasonal variation was about $ 05060 during the course of a
year. Later investigators found similar results which led to the assump-
tiorn that the seascnal variations are repetitive.

The correction for the annual and semi-annual terms, which com-
»rise the seasonal variation, may be written in the form [Mar&owitz,
1958, o. 28],

A5 = a sin 2pt + b cos 2t + ¢ sin Lyt + d cos Lgt, (4.23)
where a,b,c, and i are emnirical constants, and t is the fraction of
the year, taken as zero at 12hUT on vanuary 1l.

The coefficients are determined from observed differences between
astrcnomical observatiors for UTI2 and precision clocks, nowadsys atomic
clockse

The BIH has been instructed by the peneral assembly of the IAU, at
Publir in 1955, to determine and publish in advance the ccefficients so
trat they may be used by all coordinated tire services in the determira-

ticrn of UT2, The coefficients acdopted since 1956 are listed in Table 4y.t.

Table 4.5

Coefficients for seascral variation adopted by the EIH since 1956

Coefficient a b c d
years
1956-1961 +0%022 | -0%017 -05co7 | +0S006

1962~ +0,022 -0.C12 ~0,006 +0,C07
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Tbleau A

Corrections ATs qu'il faut ajouter au temps universel pour 1l'affranchir des
variations & courtes périodes de la rotation terrestre. Corrections données pour
oP1u, en 0%0001.

Date J.J. ATs Date J.J. LTs
1966 2439 en 050001 1966 2439 en 05¢001
Jan. 4 129,5 - 46 Juil.23 329,5 + 54
9 134,5 - 37 28 334,5 + 16
14 139,5 - 30 Aolit 2 339,5 - 21
19 144.5 - 24 7 344,5 - 57
24 149,5 - 18 12 349,5 - 92
29 154,5 - 13 . 17 354,5 -126
Pv. 3 159,5 -7 22 359, 5 -159
8 164.5 0 27 364,5 -187
13 169,5 £ Sept. 1 369,5 -213
18 174,5 + 16 6 374.5 -235
23 179.5 ¢ 27 11 379,5 -254
28 184,5 + 38 16 384,5 -269
Mars 5 189,5 v 50 21 389,5 -279
10 194,5 + 64 26 394.5 -287
15 199,5 + 80 Oct. 1 399,5 -290
20 204.5 + 98 6 404,5 -288
25 209,5 +117 11 409,53 -284
30 214,5 +137 16 414,5 -276
Avril 4 219,5 +157 21 419,5 -267
9 224,5 +178 26 424,5 -254
14 229,5 +199 31 429.5 -240
19 234,5 +219 Nov. 5 434.5 -223
24 239,5 +238 10 433,5 -206
29 244,5 +255 15 444.5 -188
Mai 4 249, +270 20 449, 5 -170
9 254,5 +284 25 454, 5 -152
14 259,5 +294 30 59,5 -135
19 264,5 +301 Déc. 5 464,5 -119
24 269,5 +305 10 469, 5 -104
29 274,5 +304 15 474, 5 - 89
Juin 3 279.5 +300 20 479, 5 - 16
8 284.5 +291 25 484.5 -85
13 289,5 +278 30 489.5 - 55
18 294,5 +262 35 494, 5 - 46
23 299,5 +241
28 304,5 +216 Note : ATs a %ué calculé par la mdme
Juil, 3 309,5 +188 formule depuis 1962 inclus,
8 3145 +158
13 319.5 125 Figure L.5: Predicted seasonal variation
18 3245  + 90 for 1966. AT, = AS of text; J.J. stands

for Julian Date.
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The BIH publishes the values AS = UT? -IT1l at § day intervals for the

whole year in its Table A (Figure 4.5) in advance. The first issue of
the Bull. Hor. each year contains the same table (see Section 6.52),
The published values are calculated from Equation (4.23). The adopted
coefficients remain unchanged throughout the whole year. This means
that the correction for the seasona. variation is ba~.2d on predicted
coefficients,

Contrary to the corrections for the motion of the pole, which is
unique for each station, the correction for seasonal variation, A S, is

the saine to all stations.

L.32 Lunar tical variations

The periodic variations of 13.66 and 27.55 day periods are due to
earth tides induced by the Moon, which cause variations in the rotation
speed in the same manner as the Sun does.

The 13.5€ day term is due to tue varying declination of the Moon,
the 27.55 day term is due to the varying distance of the loon from the
Earth. The effects of these lunar terms un the rotation of the Earth
have been determined theoretically and have been confirmed by PZT ob-
servaticns at the USNO, A correction of (+0%15¢0303) sinfl , where
Sl is the mean longitude of the Moon’s ncde, is recuired to remove
these terms [Marxowitz, 1962b, p. 2u2].

In pracfical time determination the lunar terms are eliminrted by
smoothing the observations over a period of about *“wo months [Essen et

al., 1958, De lOSLl]o

L4 The Non-Uniformity of UT 2

There are about 4O observétories in the wourld today whicn determire
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UT2. Consistency in the determination is assured by adherence to
international sgreements. Lach observatery calculates UT2 according to
the, by ncw, familiar equation

UT2 = UTo* + ARl + as

Considering nov the practice of smoothing the observations over
several months to cancel the lunaer tidal terms, one can say, that in
effect UT2 renresents the mean rotation of the Earth when freed of
pericdic variations.

UT2 determined at a particular observatory is, however, stll non-
uni form,

{untities that are neglected have been pointed¢ out ir this
chapter, e.g., secular mcticn of the pole, irregular variations in ro-
taticn speed, etc. bcwever, even if eventually ccrrections for ob-
served seasonal variation and other observable phenomera would be applied,
U012 would stilil. denart frcw: a unifcrm time system such as ephemeris time.
“he continuous lcng term diverperces are clearly indicsted by the
quantity AT = ET-U1.

a further point to corncicder is the fact that each observator;,
theoretically and practically, determines its own U12 system, owing to
the cdenerdence of the UT calculastions on adosted, conventioral lorgitudes.
The EIl smoothes cut the discreoancies between U12 determinaticns by
forming a so-called mear cbservatory and therew'th an internatioral or
truly universal time. The formaticr (f the mean observatory will be
discussed in Section €.521, after we have dealt with the distribution of

time through radio broadcasts.
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V., DISTRIBUTION CF PRECISFE. TIME AND FREQUENCY

5.1 Introduction

Having dealt with the determination of the epoch cf time Ly
astronomical methods in observatories, the various time and frequency
standards xeeping time on a uniform basis, and the variations in rota-
tional time, it is aopropriate t~ discuss the means that disseminate
precise time and frequency to all users. These means are worldwide
standard time and frequency radio broadcasts and they, and their
synchrcnization, are the subject of this chaoter.

The term standard time used in the literature and adhered to here
in connection with racdio time broadcasts should not be confused with the
time assigned to a time zone, e.g., eastern standard time. In the
present context, standard time refers to a time kept by some primary
tire standard, e.g., such as the master clocx of the USNO. The epoch
associated with st:ndard ti:e ir the present meaning may differ from
universal time ty an integral number of ho&rs, but this is not a con-
dition. In fact, it may refer to either universal or atomic time when
dealing with broadcast time.

Radio broadcasts of precise time and frequency from certain standards
laboratories, e.g., the NES, usually provide standard frequency with or
without standard time signals that provide both epoch and time interval.

kadio time and frequency broadcasts provide the reference for
comparisons of local time and frequency standards to an accepted primary
standard. The geodesist is primarily concerned with the exact epoch cof
an observation. For this reason time signal broadcasts that provide, after
certain corrections, the epoch of UT2 will be treated more extensively

than pure frequency transmissions.



90

Several methods of time comparisons, i.e., comparisons of lccally
keot time with a radio time source, and corrections to the received time
ir order to arrive at UT2 or atomic time (in lieu cf ephemeris time), will
te dealt with separately in Chapter VI.

Standard freguency broadcasts without time information will be
menticned only briefly. They are mainly for laborstory use, for csiibra-
tion of transmitters at radio stations, and for navigation. They are of
general interest in worldwide synchronization of primary time and frequency
standards. The geodesist may also wish tc use them but only in special
cases, e.g., at satellite tracking stations, when a frequency standard is
used as the basis for precise timing. In what fcllows, the close rela-
tionship between time and frequency ought tc be borne in mind.

Note that we are not concerned with ti.e theory or techniques of
radic transmissions but with the trarnsmitted information that aids the

gecdesist.

5.2 International Agreements Concerning Ti:e Signal Broadcasts

The present day radio communications network has assumed immznse
proportions with the resialt, that radio time signals can be received
practically anywhere on Eerth from one or more radio staticns.

Chaos would result if not a high degree of internaticnal coordination
in the mode of time signal transmission would have been established.

The coordinating agency is agsin primarily the EIH.

5.21 Frequency offsets and step adjustments in phase
The fundamental unit of time, the second, is by definition the
second of atomic time; it is the interval needed for 9 192 631 770

oscillaticns of the caesium-133 atom (see Section 1.22). Owing chiefly
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to the variable rate of the Earth?s rotation the intervals of U12 and AT

diverge.

Practically all standard time stations transmit a time, designated
UTC, This time system may be viewet as a predicted UT2. It is obtained
by anolyirg corrections for predicted seasonal variation and extrapolated.
polar motion to cbserved UTO., The difference between the epoch of UTC
and UT2 is usvelly less than1 0.1l second. 7The proximity of UTC and UT2
is okbtained by applying two different kinds of adjustments to the trans-
mitted time signals: (1) frequency offsets, and (2) step adjustments in
phase.

(1) The fundamental frecuency is that of the caesium atom. There-
focre, the transmission frequencies of standard time stations must be
offset from the basic frequency, which amounts to an interval conversion.

By internaticnal agreement the frecuency emitted is

F = Fy (1ts), (5.1)
whire F is the frequency emitted, Fg is the nominal frequency of caesium
and s is a fixed offset that remains unchanged throughout the whole
year.

The frequency offset s is

s =4 = 50n x 10720, (5.2)
where n is a positive or negative integer, or zerc.

The frequency offset as defined above was recommended by the XIIth
general assembly of the IAU at Hamburg in 1964 [IAU, 196&] s and was
confirmed by the International Kadio Consultative Committee at Monaco in
1965.

The amount of offset, i.e., the value of n, is fixed by tne EIH

for a year in advance, and it is based on comparisons between UT2 and AT

during the preceding year.
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During 1965 the frequency offset was =150 x 1C™10, for 1966 it is
-300 x 10720 according tc a BIH Circular, dated September 21, 1965.

It follows that

transmissiocn interval = (1 + i{) x atomic interval . (5.3)

{2) Owing to unpredictable changes in UT2, the adopted value of
AF/Fy may not suffice to keep the epoch of UTC in step with UT2. In
order to retain a close agreement, step adjustments in phase are made.

The amount of adjustment and manner in which it is applied was de-
cided upon by the two meetings menticned in connection with the frequency
offset. 3By internztional agreement the step adjustment is exactiy £100
milliseconds, applied at OBUT of the first day of a month, when required.
The need of an adjustment is determined by the BIH upon consultation with
major time observatories. Adjustments are announced by the BIH L5 days
in advance to all transmitting stations.

It should be noted that the step adjustment in phase does not change
the transmission frequency. It is ecuivalent to advancing or retarding
the transmission clocks by 100 milliseconds, depending on the sign of
the adjustment.

The total effect of the adjustments in phase and the frequency offset

is that the maximum difference between UT2 and UTC is about £0.1 second.

5.22 Definition of a coordinated ctation

In the following sections we will use the expressions *coordinated”
and "non-coordinated” stations. According to [BIH, 1965, »p. 2] a
coordinated station is one whose time signal transmissions fuvlfills

Equation (5.3), and where step adjustments are applied so that
lur2 - uTc)< 100 mi11iseconds. (5.L)
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Non-coordinated stations are those whose transmissions of time

signals do not fulfill Equations (5.3) and (5.4)

5.23 Internationally accepted types of radio time signalé

There is still a conspicuous absence of uniformity in the mode of
time signal transmissions, although the IAU recommended in 1955 that the
sc-called English system shall be used without exception [Hydrographic
Department, Admiralty, 1956, p. 16).

The major systems in use are the following: (1) the English system;
(2) the modified rhythmic system; (3) the internaticnal ONCCO system;
and (4) the technical broadcast system. These systems are briefly
described below. Additional informaztion may be found in the above publi-
cation.

(1) in the English system time signals are radiated for five
minutes preceeding the hour, i.e., from 55™ to 60™. Each second is
marked by a 051 tick. At the minute, the tic« is lengthened to 036.
The commencement of each tick is the reference point. The last five
seconds of each minute are graphically represented by

55 56 57 56 59 60 1

{(2) The modified rhythmic system consists of 306 signals emitted
in 306 éeconds of mean time. Transmission is usually made for five
minutes only, either before or after the hour.

In each five minute period, signals number 1, 62, 123, 184, 2LS, and
306 are single dashes of OSL duration and commence at exact minutes.

Fach dash is followed by 60 ticiks of OF1 duration. The instants of
commencement of ticik or dash are evenly spaced at intervals of 60/61

parts of one second of mean time,.
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The signals produce a vernier effect with the seconds brezks of a
mean time or sidereal time chronometer. With the latter coincidences
occur at intervals of 72 seconds of mean time.

(3) the international ONOGO system has become almost obsolete. The
nare is derived from the sequence of Morse code letters transmittied
during three minutes preceding the hour.

The sequence of transmission is as indicated graphically inFigure 5.1.
Each dash is of one seccnd duration, followed oy one seccnd of silence,
each dot is of 0525 duration. The preparatory signals from 57™ 005 to
7™ 495 are not time signals. In the » ~ified ONGO system the letter

O is replaced by a dot marking each secnnd.

Time Sienal representation Letter
57005 - 57740° . . . « e.c. X
5755 -s5800 |55° 6% 57° 58° 595 607 0
58 08 - 58 10 0 09 10 N
58 18 - £8 20 18 19 20 N
58 L8 - 58 50 BB Ly 50 N
56 55 =700 |55 56 57 58 59 60 0
59 06 - 59 10 607 08 0 10 G
59 16 =~ 59 20 17 18 19 20 G
59 L6 - 59 50 W b7 ke Ly <o G
59 5¢ = 00 00 55 56 57 58 59 66 0

Figure 5.1: The interrational ONCGO system of time signal treansmission.
In the modified ONOCC system the letter O is replaced by a dot marxing
each second.
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(4) the so-called technical broadcast system is fully described in
Section 5.311. It is typically represented by the standard time stations
WWV and WWVH,
The superiority of this system is unchallenged, and it is the
system that satisfied the requirements of geodetic astronomy best,

because time signals are emitted continuously.

Standard Time and Frequency Broadcasts

N
L]
(V8]

Every major country has its own service broadcasting standard time
and frequency primarily for the regulation of the ever expanding radio
commnications and telegraph netwcriks, and for purposes of safe air and
sea navigation.

The United bStates time and frequency standards shall serve as a
r:presentative example of a time and frequency service, although their
reliability and precision is atove average. Trarsmitting stations of
internationally located time and frequency sertices are listed in Tables
5.4 and 5.5 and are denicted in Figure 5.5.

In the United States, the NES and the USKC broadcast stzrdard times
and frequencies from several stations.

Transmissions from NES stations are based on the United States
Frequency sStandard (Uoi5) and those of the UsSNO are based on the A.l.
atomic tiwe ..vstem. The two standards are in close agreement (see
Section 1.21). The broadcasts from NbBS stations are the most useful for

geodetic purpecses and will be described first.

5.31 Broadcasts of the U. S. National Bureau of Standards
Figure 5.1 depicts the evolution of the UdrS from an accuracy of
$1 x 1074 in 1920 to an ac2uracy of $5 x 1072 in 1964 [Blair and Morgan,

1965 5 p. 915]
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Figure 5.2: The evolution of the USFS. Adapted from Blair and- Morgan,
1965 .

The atript change in the slope of the curve in 1957 was due to the
development of atomic frequency standards. Since 1960 the U-F> is based
cn the overation of two caesium beam resonators, designated NEs-I and
NE5-iI, resoectively. The atomic time associated with the UsFo is
designated NES-A (see Section 1.2).

The caesium beams are not operated continuously. Continuity is
provided by the U. S. Worxing Frequency Standard (USWFS), consisting of
a group of oscillators; at present four quartz crystal oscillators and
one Rb-vapor standard. Time and frequency transmissions from NES high
frequency (HF) stations WV at Greenbelt, Marylard, and wwVH at Maui,
Hawaii, and NES low and very low frequency (LF and VLF) stations WwVB and
WWVL at Ft. Collins, Colorado, are controlled by the UiwFS, which is

compared daily to the USFS with a precision of£2 x 10=12 [Blair and Morgan,
1965, p. 917}
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The entire system depends on the U:zFS. The Cs~-standard is used to

control the USWFS, and the frequency dividers and clocxs associated with
it. Information from USWFS is fed to a phase comparator and transmitter
that monitors the WwVE and WWVL transmissions at LF and VLF, respectively.
If an error exists between the standard phase and the received phase

from WWVB and wWhVL, the phase at those stations is automatically

corrected via a very high frequency (VHF) link between Boulder and Ft.
Collins.

The control of the signals transmitted from WwV and WwVH is performed
at present manually. At wWV, both, WWVB and wWVL signals are received by
LF and VLF receivers, respectively. At WWVH only WWVL signals are received.

The oscillators controlling the transmission frequencies and time
signals at the HF sites are continuously compared with the received LF and
VLF signals and phase differences are recorded. The accumulated phase
differences are read at exactly 24P intervals and relayed to the NBS
radio laboratory. Since frequency is the rate of change of phase in
unit time, the transmissicn frequency of the HF stations may be calcula-
ted from the phase differences in terms of the UFo.

The daily values provide co-rection data to the oscillators at the
HF stations. The WnV broadcast frequency is maintained within #5 x 10-11
from nominal, that of WwVH within#5 x 10-2° of nominal. (Nominal of
offset HF frequency, not Ubfo.)

To assure that no systematic errors eater into the systam the NES
compares the tranqmitting station clociks with the NBS-A ‘ime scale by
means of a precise portéble clock. The whole setrup shows that broad-
casts from all NBS stations are traceable to the UsFo,

The information contained in the NBS broadcasts is described in
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Sections 5.311 and 5.312. The data is based on [NBB, 1965] which is re-

vised annually.
Users of WWVE and WWVL may obtain current schedules and relevant
information by writing: National Burean of Standards,
Frequency-Time Broadcast Servieces 251.02,

Boulder, Colorado.

5.311 Transmissions from NBS stations WWV and WWVH

Transmissions from these stations are utilized most often in
peodetic work. They provide the following information: (1) standard
radio frequencies; (2) standard audio fr .: :ies; (3) standard musical
pitch; (L) standard time intervals; (5) time signals; (6) corrections
to arrive at a close approxiﬁation to UT2; (7) propagation forecasts
(WwV only); and (8) geophysical alerts.

(1) standard radio frequencies are broadcast on 2.5, 5, 10, 15,
and 25 MHz from WwV and on 2.5, 5, 10, and 15 MHz from wwVH., The broad-
casts are continuous through 24 hours, except for silent periods. The
silent period of wwV commences at L5 minutes (plus O to 15 seconds)
ard ends at 49 minutes after each hour; that of WWVH commences st 15
minutes (plus O to 15 seconds) and ends at 19 minutes after each hour.

The carrier and modulation frequencies at WWV and wWVH are derived
from precision quartz c¢scillators with stabilities of 5 x 10-11 and
5 x 10729 for WwV and WwVH, respectively. Deviations at WwV are nominally
less than 1 x 10711 from day to day.

Changes in the propagation medium (causing Doppler shifts, diurnal
shifts, etc.) may result in fluctuations in the carrier frequencies as

received, which may be much greater than the uncertainties stated above.
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intentionally offset from the USFS as described in Section 5.21.

The frequency offset is given in international Morse code during
the last half of the 59th adnute each hour by WwV, and during the first
181lf of the 59th minute of each hour by WwVH., The code for 1966 will
read M300, following the voice arnouncement.

Corrections to the transmitted frequencies are continuously
determined with respect to the USFS and are putlished monthly in
‘Proceedings of the Institute of Electrical and Electronics Engineers
(IEEE)" under the heading ‘Standard Time and Irequency Notices.’

(2) standard audio frequencies are broadcast on each carrier fre-
quency at both stations. The audio frequencies are irterrupted 40
milliseconds for each seconds pulse. For further deiuils the reader is
referred to [NBS, 1945, p. 2].

(3) standard musical pitch is provided through a L4C Hz modulation
for the note A above middle C (see [NBS, 1965, ». 2] ).

(4) standard *ime intervals are given by seconds pulses at precise
intervals. Due to the frequency offset mentioned above the time irter-
vals in 1946 are exactly (1-300 x 107'°) times the atomic interval (see
Section 1.22). The second pulses are locged to the carrier frequency,
e.g., they commence at exact intervals of 5,000,000 cycles of the 5 Miz
carrier, They are given by means of double-sideband amplitude-modulation
on each carrier frequency. Intervals of one minute are marked by
omission of the 59th second pulse of every minute and by commencing each
minute with two pulses spaced 0.l second apart. The first pulse marks the

minute.
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The two, three, and five minute intervals are -vnmchrcnized with the

second pulses and are marxed by the beginning or ending of the periods
when audio frequencies are not transmitted.

The pulse duraticn is five milliseconds. At WwV each pulse consists
of S cycles of a 100G Hz frequency, at #WVH each puise contains 6 cycles
of a 12(C Hz frequency. HMaximum ampljitudes are approximately 795 Hz for
WwV and 1194 Hz for WWVH. ‘The audic frequencies are interrupted for 4O
msec for each secords pulse. The pulse begins 10 milliseconds after
commenccment of the interruption.

(5) time signals transmitted by WWV and WWVE are maintained within
051 of U2 (the time of the signal is designated UTC) by retarding or
advancirg the cloc«s generatirg the seconds pilses b& 100 milliseconds,
as described in Section 5.21.

Station identification and universal time is announced in interna-
tional ﬁorse cede during the first half (WiV) and sccoend half (wWWVH) of
the Sth, (Oth, 15th, etc. minute during the hour, i.e., 12 times per hour.
The first two figures give the hour, the last two figures give the minute
past the ho -, refsrring tc the instant when the tone returns.

St»*icn idertification and announcement of Eastern Standard (zone)
Time ip voice is made at wWnaV during the second hali of eszh fifth minute
durirg the hour, i.e., 12 times per hour; at WwVHd the voice anncuncement
is Hawaiiar Standard (zone) Time, made during the first half of each
fifth minute during the hour. fcr example, the voice announcement at
WwV at say Sh 35M UT is in English: Naticnel Bureau of Standards, WwV;
wher. the tone returns, Easte.n Standard Time will be ten hours, thirty-

five minutes,
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In addition to the above information wwV broadcasts a time code
for one minute commencing at 7, 12, 17, etc. minutes of each hour
(except during the silent pericd). The time code has a higher timing
notential than the pulse sigrials. It is of value when simu:itaneous
observations are made at widely separated stations; the time markers
being accurate to absut one millisecond.

The code format broadcasted is generally xnown as the NASA 36-Bit
Time Code. The code is produced at a 100 pps rate and is carried on a
100C Hz modulation. It contains the epcch of UTC in seconds, m’nutes,
hours, and day of the year as shown in Figure 5.3a.

The binary-code-decimal (BCD) system is used. A complete time
frame is one secornd containing nine ECD groups as follows: 2 groups for
seconds, minutes, and hours, and 3 groups for day of the year. The code
digit weichting is 1-2-4-8 for each group, multiplied by 1, 10, or 10C,
as the case may be. A code-key is shown in Figure £.3b.

The 1000 Hz modulation is synchronous with the code pulses so that
milliseccend resolution is possible. A *binary zero® consists of two

’
cy~les of 10C0 Hz amplitude modulation, and & *Litary one pulse consists

of 6 cycles of 1000 Hz amplitude modulaticn (see enlargement of 100 pps
time code in Figure 5.3a).

(6) corrections to the epoch of the signals to arrive at a close
approximation to UT2 are given in international Morse code during the
sacond half of the 19th minute of each hour on WaV, and during the
second half of the 49th minute on WwVH,

The symbols broadcasted are: UT2, then either AD or SU, followed

by a three digit number which represents the correction in milliseconds.

The correction is added to the time of the signal if AD is broadcast and’

subtracted when SU is broadcast.
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The corrections sre supnlied daily by the USNCG, New values appear
for the first time durire the hour following OhU1 and remain unchanged
for the followirg 24 hours., The protatle error of the corrections is
supnosedly ¢ 3 milliseccnds.

The main reason for these corrections is the fact that tne time sip-
nais are lockeda to ihc carrier frzouencies. Thus ccntinuous departure
frem UT2 is possitle. The USKO continuously compares the epcch of trans=-
missicn of the signals witn its master clocie. The corrections are the
result of an analysis of the recorded depariurcs.

Final corrections to UTC, with a orckatle error of £1 millisecond,
are i.:zved vericdically by the USKC in its Tire Signals Pulletins (see
Section 6.51).

(7) oproparation forecasts for radic waves and (8) geophysical
alerts are breadcast ir interratioral Morse code or all frequencies

((7) at #nV only), ror cdetails the reader is referred to [KES, 1945, o. 5].

5.212 Trensmissions from FES stetions wwVZ and WaVL

Both stations provide standarc ra.lio frecuencies. wWwvE prcvides in
addition standard time intervals, time signals, and corrections to the
signals to arrive at apnroximate UT2. Staticns wwVE and wwVL broadecast
on standard radio frequencies of 60 kHz and 20 kHz, respectively. The
broadcasts are continuous. The freguencies are normally stable to about
12 x 10™*1; gdeviations from day to day are withinsl x 10732,

The carrier freaquency of WwVL is offset from the USFS by the same
amount as WWV and WWwVH, Since Jamiery 1, 1965 the carrier frequency cf
WWVP is meintaired without offset with re:pect to the USKFS. Thus

absolute frequency comparisons may be made using WwVB.
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THE HOURLY BROADCAST SCHEDULES
OF WWV, WWVH, WWVB, AND WWVL

SECONDS PULSES - WWV , WWYH - CONTINUOUS EXCEPT FOR 591t SECOND OF EACH
MINUTE AND DURING SILENT PERIODS

wwva - SPECIAL TIME CODE

£
3
7

|

WWVL - NONE

{27 STATION ANNOUNCEMENT

-~ MORSE CODE - CALL LETTLRS, UNIVERSAL TIME,

PROPAGATION FORFCAST
VOICE -~ EASTERN STANDARD TIME
MORSE CODE - FREQUENCY OFFSET
(ON THE !HOUR ONLY)

- MORSE CODE - CALL LETTERS, UNIVERSAL TIME,

VOICE - HAWAIIAN STANDARD TIME
MORSE CODE - FREQUENCY OFFSET
{ON THE HOUR ONLY)

- MORSE CODE - CALL LETTERS, FREQUENCY OFFSET

[777 100 PPS 1000 Hz MODULATION WWV TIMING CODE
F773 TONE MODULATION 600 Hz

{ "] TONE MODULATION 440 Wi

GEOALERTS

7T IDENTIFICATION PHASE SHIFT

] s7-2 TIME CORRECTION

wws SPECIAL TIME CODE

REVISED JULY 1963

Figure 5.4
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Standard timz intervals are marked by sacond indicators cpaced

exactly one atomic second apart (strictly speaking one NBS-A second),
since there is no frequency offset.

Time signals from WWVE depart from UT2 differently than those of wWV
and WAVH. To keep the time transmitted close to UT2, 200 millisecond
step adjustments in phase are made at OMUT on the first day of a month
at the discretion of the NBS.

The time signals are indicated by 60 drops in power of 10 decibels
ner minute, each drop marking one second. Each minute the following
information is given in PCD code: the minute, the hour, the day of the
year, and the difference between the time of broasdcast and approximate
UT2, in milliseconds. The latter information is based on a NES Circular
dated June 23, 1965. A key for deciohering the WWVE time code is given
in [Hewlett-Packard, 1965, pp. AIII-1 to AIII-S].

It has to te kept in mind that the time interval derived from WwVB
broadcasts is the atomic interval, although the epoch given is close tso
T2,

Steticn identification is given at WWVB and WWVL by internaticnal
Morse code during the lst, 2lst, and Llst minute ~f each hour. In
additicn WWVB identifies by advancing the cerrier phase L5° between 10
and 15 minutes after egch hour.

The broadcast schedules of wWWVE and WWVL are shown in Figure 5.4.
That of WwWVE is bssed on & revision'M:[NBS, 1535] announced in a NES

Circular, dated June 23, 1965.

©,32 Broadcasts ccntrclled by the U. 3. Naval Cbservatory

The USNO is the only agency in the United States which determines time:

(UT, ET, and 4.1): Through its master clock (see Section 3.431) the
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USNO controls the time signals broadcast from U. S. Naval radio stations,
from the NBS stations WWV and WwWVH, and from the U. S. East Coast Loran-C
stations, which are operated by the U. S. Coast Guard. In addition, the
USNO monitors worldwide time and frequency transmissions for the purpose
of time synchronization. It also plays a key role in international time
coordination programs (see Section 5.42).

U. S. Naval radio stations, like those of thn U. 5. Coast Guard are
operated chiefly for navigational purposes. Some stations broadcast
precise time intervals and epoch in addition to standard frequency, and
may be of use to the geodesist.

Broaccast frequencies of U. S. Naval stations (all VLF, but not all
HF stations) and U. S. East Coast Loran-C stations Qre directly related
to the system of atcmic time, A.1l (see Sec.ion 1.22). All frequencies
are offset from the atomic standard and step adjustments in phase of 100

milliseconds are made in the manner described in Section 5.21 [Markowitz,

l96ha] .

£.321 Transmissions from U. 5., Naval radio stations

Al11l U. S. Naval racdic stations broadcast standard frequencies and
time. For the geodesist the EF transmissions and the VLF transmissions
of NBA are of interest only. Frequencies and broadcast schedules are
listed in Table S.1.

The VLF stations also broadcast time signals. A note in UoNO
Time Service Announcement, dated August 5, 196L, shall be quoted:
"Time pulses of high precision are transmitted continuously from NEA,

Pulses transmitted from other stations are provided f~. spe:ial tests;
these are not time signal pulses.”
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Naval radio staticns and HF time broadcast schedules

Call S8ign | Location Frequencies in kHz Time Broadcasts
VLF # HF %% UT **
NAA Cutler, 17.8
Maine
NBA Balboa, 2l;.10] 147.85; 5,LL8.S; sh,10h,178,23h
Canal Zone 11,0805 17,697.6
NLK/NPG | Jim Creek, | 16.6 | 114.95; L,010; NPG at Oh,&R,12B,
Washington 6,429.51; 9,277.5; 180
22,635
NPM Lualualei, | 26.1 | 131.05; U4,525; oh,sh,12h,18h
Hawaii 9,050; 13,6553
17,122.4; 22,593
NPN Guam 48l; L,955; 8,150 oh,sh,12h 180
13,5303 17,530;
21,760
NSS Annapolis, | 21.4 | 122; 162; 5,870; OhﬁZh,éh,Bh,IZh
Maryland 9,425; 13,575; 18

17,050; 23,650

® pased on [Markowitz s 196&3].

The VLF of NPM was changed from

19.8 to 26.1 kHz on October 1, 1964, according to USNO Time

Service Announcement, dated September 30, 1964.

*% pased on.[BIH, 1965] April 1965 schedule. Time signals are
transmtted in the English system (see Section 5.23 ) for five
minutes preceding indicated hours.

Further, it is noted that corrections to the times of broadcast in

order to obtain UT2 are published in the USNO Time Signals Bulletins for

the following stations only:

NPG (17055 kHz only).

NBA (all frequencies), NSS (HF only), and
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The VLF time and frequency broadcasts from NcA at 24.0 kHz had been
suspended during most of the year 1965. A new trensmitter has been
installed which renewed operation about November 1, 1965 according to
USNO Service Announcements, dated February 12, and October 15, 1965,
respectively.

Before shut-down, NbA (VLF) transmitted precise time signals (UTC)
continuously, except from 12k o 21P on Wednesdays. In addition, experi-
mental time signal transmissions were made for several minutes each
hour. Station identification and the frequency offset from the Cs-
atomic standard were announced in international Morse code several times
during each hour.

The day-to-day varigtion in frequency broadcast from NbA (VLF) was
about #5 x 10722 [ Markowitz, 1962a, p. 12]}.

Broadcast schedules and the mode of time signal transmissior from
the new VLF (24.0 kHz) transmitter at NBA have, to this writer’s
knowledge, not yet been published.

U. 5. Naval radio stations that may possibly serve the geodesist are

included in Table 5.5 Station locations are shown in Figure 5.5.

5.322 Transmssions from Loran-C stations

Loran-C is a pulsed, hyperbolic radio navigational system, operating
on a carrier frequency of 100 kHz. Owing tc very favorable propagation
characteristice (see Section 5.4) Loran-C may eventually be used to
disseminate precise time over large disténces for synchronizatiun purposes.

A Loran-C chain consists of a master and two or three slave stations.
In 1961 the USNO began control of the time pulses broadcast by the master
station of the U. S. East Coast Loran-C chain, located at Cape Fear,

North Carclina [ Markowitz, 1962a p. 12}
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The frequency of the rubidium gas cell oscillator at Cape Fear is

synchronized with the master clock of the USNO through monitoring the
UoNO signal at Cape Fear. Tne cther stations comprising the chain
(Table 5.2) monitor the Cape Fear sisnuls. Thus, the emission of time
pulses from any one of the Loran-C stations is synchronized with the
USNO master clock [Markowitz, 19622, p. 12-15}.

To prevent interferencc of the pulses, the three slave stations have
a fixed emission delay with respect to Cape Fear which is held constant
to about 0.1 microsecond (see Table 5.2). The mode of time pulse trans-
mission is according to USNO Time Service Announcement, dated May 25, 1965
as follows:

Effective July 1, 1965, the nominal transmission consists of a group
of 8 pulses spaced one millisecond apart. A nineth pulse, not one milli-
second from the eighth, identifies the master station. (Blinking of this
pulse indicates that the Loran-C system is not operating.) The groups
of 8 pulses have a repetition period of 80 milliseconds, thus there are
12.5 repetitions per second.

A once-psr-second pulse, two milliseconds before each second of UTC,
is transmitted by Cape Fear only. Thus, the sequence of pulses emitted
from Cape rear is:

Once-per-second pulse

1st pulse of first cycle at 593995 UTC
lst pulse of 1lst group of 8 at 0.000
1st pulse of 2nd group of 8 at 0.080
1st pulse of 12th group of § at 0.760

Once=-per-second pulse at 0.998
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1st pulse of 1st group of 8 at 13040
1st pulse of 2nd group of 8 at 1.120
1st pulse of iZth group of 8 at 1.§20
Once-per-second pulse at 1.998
1st pulse 9f new cycle at 2.900

eéc. e%c.

It is therefore possible to measure the signal 100 times per
second, The UTC time of emission of the first pulse of the grovp of 8
from the slave stations may be found by adding the emission delays of

Table 5.2 to the times given above,

Table 5.2

U. S. East Coast Loran-C stations and transmission delays*

Designation | Location Latitude | Longitude ¥5ﬁssion Delays
M Cape Fear, N.C. +3,°03,8 | <77°54.8 | ——-
W Jupiter, Fla. +27°02.0 | -80°06.9 13 695 ks
X Cave Race, Newfoundland | +46°46.5 | -53°10.5 29 290 us
Y Nantucket, Mass.. +41°15.2 | -69°58.7 L8 Ehl/us

REffective July 1, 1965

*¥ With respect to master station Cape Fear; ms = microseconds.

It should be noted that time signals transmitted by the Loran-C
system may be received with specialized receiving equipment only.
Pickard and Burns Company, Wo.tham, Mass., have developed a Loran-C
receiver of great precision [Markowitz, 1952a, p. 1b3.

Thus far only the U. S. East Coast Loran-C chain has been stabilized
in time and frequency. It is plannad to synchronize internationally

cated Loran-C chains with Cape Fear in the future {Markouitz, 196&].
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5.33 Agreement in the epoch of U. S. Government time signal broadcasts

Due to the fact that broadcasts from NBS and UclNO refer to two
different atcmic time standards, i.e., NBo-A ana A.l, respectively, the
epoch of emission of time pulses does not agree exactly. The correc-
tions applied to the clocks at the transmitting stations are reproduced
below from USKO, Time Service Announcement, dated September 16, 1964.

In order to bring the two systems into accord, a small - justment

in the epoch of emission of UTC was made at OWUT on October 1, 1964.

Table 5.3

Corrections to the epoch of time signal emission from
NES and USNO radio stations

Station Clock ; Advance/Retaid | Correction in Millisecond;]
Master Clock (USNO) advance 1.6
Loran-C, U, S. East Coast advance 1.6
chain

NEA (VLF and HF) retard 1.0
NSS (HF) retard 1.0
NPM (HF) retard 3.0
NPG retard 4.0
NPN no change

NES retarc 1.0

The result of these corrections is that the epochs of transmission
of time signals from all U. S. Goveinment radio stations may be regard=d

as identical, for all nracticai purposes.

5.34 Standard time broadcasts from int2rnatioral stations

Radio stations located about the world which broadcas: standard tvime
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and frequency are shown in Figure S.Slanﬂ are listed in Thbleg Sels and 5.5.

Stptions listed %ﬁﬂfgpleﬂ51h”é;; coordinated stations, those listed
in Tatle 5.5 are non-coordinated stations (see Section 5.22). The mode
of time signal transmission is given by stating the syst;m according to
Section 5.23. The notation Al means continuous unmodulated-nave. Sta-
’ tion/coordihates are given in general ‘to the nearast minute.of arc, except
where mqge'accurate info¥mation could be fouhd. |

The data provided in both tables is based on information given in
[BIH; 1965; Ope. C-Iil, and on corrections pﬁbi?éhed in subsequept issues
of the Brlletin Horaire, T

It should‘ﬁé undetsfooé‘that'broadc;st schedules are liable to un-
";;redictaple changes and _cpn-eht schedules of transmissions should be:

consulted when the broadcast of a particular station is required.

S.L"Timé Syncﬁronizatign '

The worldwide network of satellite tracking stations obviously fe- ‘
quirec that time signals transmitted from radio stations in ﬁény/countries )
should~be coordinated. 1n other words, not only the scale of time,

i.e., frequency, must be bésed on a common, fundamental standard, but
also the epoché of emiséion of time signals ought to be identical.
Achievement of this ideal corre;pondence is the goal of time synchroniza-
tion programs of intermational scope.

Significant advances toward this goal have been made during recent
years. Time signal broa&casts frém several couniries are now synchronized
to about t1 millisecond, mainly through mutual monitoring of time and
frequency transmissions., Higher‘synchronization accuracy may be obtained
by use of artificial satellites, portable atomlic clocks, and Loran-C.

A brief outlay of the methods will follow in Section 5.42. The geodesist
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is usually concerned with either synchronizing his local timekeeper with
a radio time source, or comparing his local time standard agsinst a
primary time standard. Methods of time comparison are given in Sections
6.2 to 6.4.

No matter how mophisticated the methods employed are, there are
practical limitations to the accuracy obtainable, even if one assumes
pcrfiect transmitting and receiving gear. Uncertainties due to anomalies
in the propagation velocity of radio waves through the atmosphere usually

mar the resuits.

5.41 Propagation characteristics of radio waves

Propagation characteristics of electro-magnetic wavas is a study in
itself. The International Scientific Radio Union (URSI) maintains a
special commission on radio propagation, and the NBS Central Radio Prora-
gation Labcratory almost exclusively studies propagation phenomena.

Due to the complexity of the problem oniy & brief, general description
of the prooagation characteristics of different frequency categories can
be given here. For details the reader is referred to literature in

radio science.

5.411 Propagation characteristics of HF radio signals

High frequency radio signals propagate in a complex manner between
the ionosphere and the Earth’s surface. Variations in the height of the
jionosphere and its profile cause variations in travel time of the HF
signals between transmitter and receiver. The principle factors that
affect the propagation time of HF signals are: the great circle distance
between transmitter and receiver antennas; the number of bounces, i.e.,

reflections between the ionosphere and the Earth’s surface, and the actual
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height of the reflecting layers of the ionosphere. several methods to

calculate the transmission delay are in use. Two simple methods will be
given below,

For distarces un to about 160 km a ground-wave propagation patg can
be assumed. Thus the distance travelled is equal to the length of the
great circle, which can be calculated by a variety of methods.

For distances up.to 2400 km a one-bounce propagation path can be
assumed. Turing daytime the reflecting layer is assumed to be the E
layer, at about 125 kin above the IZarth’s surface. During night time the
E layer does not exist.

Long distanc2 ki transmissions are usually reflected by the F2 layer
wnich has an average height of 350 kn above the Earth’s surface. A cne-
beunce path may be assumed for distances up to LOOO km.

Considering now that reflections from both E and F2, layers, or even
cthers, may be received, and furthermore, that the number of reflections
is uncertain, it is obvious that the calculation of the transmission delay
is at best a close approximation. Furthermore, it is possible that the
signal was not received via the shortest route but‘has come around the
Larth the longer way.

Once the length of the propagation path, I, i= dzitcrmined, the
trznsmission delay, Atyp, is usually computed with sufficient accuracy
from

atfp = =R (D in km), (5.5)
ViF
where Vp, = 278,000 km/sec, the usnally asswaicd mean propagation velocity
of HF radio wavcs. opecial graphs for the estimation of +rzismission
delays with argument of great circlie distances per bounce are in existence.

One such graph with explanations is given in [Hewlett-Packard, 1965, o. h‘b].
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with proper eosuipment, synchronization to one millisecond can te

obtained with HF at a distance of about 1G,000 «n, and there are indica-
tions that an accuracy of 0.3 milliseconds might be obtained under
favorable conditions [Mar&owitz, l96ha]. To obtain such high accuracies
cemparisons have to be extended over at least 2 2u hour interval and the
best available information on propagation conditions has to be utilized.

Best resuits are usually obtained when the time of comparison is
chosen sach that the propagation path is either wholly in daylight or in
dar«ness [Nautical Almanac Offices, 1951, p. Llu},

The EIH uses an empirical formula to determine the transmission delay
for HF waves over distances between 100C «m and 40,CO0 km [Stoyko, 1964a,

o. 2J.

The propar-tion velecit), VHF’ is calculatec from

Voo = (29 - df‘(b ) x 16® «m/sec, (5.€)
where 4 = -E:E%E—ga-, L in «z; a and b are espirical cornstents,
a = 139..1
b= 2.2

The trarsnissicn cdelay is then,
s L ‘
= e v g 79
Atf‘.n.; h VT \Y 1n K"‘)‘ (b"?‘)

in all cases, irrespeciive of the method bty which Aty was obtained,
the transmission delay has to ve subtractea from the clock time obtained

fror a time comparison.

5.412 Propagation characteristics of LF/VLF rc3io signals

recise time comparisons

‘\

In general, HF broadcasts are preferr
and LF/VLL hroadezsis for frecuency comparisons.

LF/VLF radio w:ves can be assumed to provagate parallel to the Earth’s
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surface. Irregularities in ionospheric h.ight have much tess influence

since the ionosphere acts more as a boundary than as a reflector.

Thus, the determinaticn of the transmission delay is much simpler,
since all-grcund-wave propagation may be assumed for large distances.

The delay may be calculated directly from Equation {5.7), substituting
the mean proragation velocity for LF/VLF radio waves for VHF; an
accepied value for VLF waves seems to be VVLF = 252,000 km/sec [Stoyko,
1%uas p. 2]

Although calculation of transmissicn delay using VLF is less un-
certein, instrumental limitations yield an accuracy in time synchronization
somewhat poorer tran when using HF signals. The accuracy obtainable is
no better than a few milliseconds. Further, different low frequency
waves propsgate with different phase velocities, thus distorting the
arrival time of time pulses. The daily variation in phase of a VLF
carrier wave is of the order of 0.C4 milliseconds, but it returns to the
seme value within 22 microsecords in a 24B period. Frequency comparisons
extendsd over such a period yielcd an accuracy of about 1 part in 10

[Markowitz, 196La].

£.413 Propagation characteristics of Loran-C

One of the biggest advantages of Loran-C regarding time synchroniza-
tion lies in its favorable propagation characteristics.

The 100 kHz carrier exhibits ground and sky-wave propagation. The
greund wave signal can be positively separated from the sky wave signal
by its earlier arrival time by at least 30 microseconds. Dlaily variations
in ground wave propagation have been found to be less than C.1 msec fcr

distances up to 1200 km [Markowitz, 196ha].
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5.42 International time coordination

The epoch of time for satellite %racking must be known to one milli-
second, which means thzt international Uime broadcasis must be synchronized
to at least this or higher accuracy.

Coordination was achieved during recent years so thet time pulses
from manystations are now emitted in synchronism to about £l millisecond,
and the same standard frequency is maintained within sbout %1 x 10-12
[Markowitz, 196&3].

The time and frequency transmissicns of the following countries are

coordinated: Argentina, Australia, Canada, Czechoslovakia, France,
Great Britain, Italy, Japan, Switzerland, South Africa, and the United
States. Although the high accuracy is maintained with using atomic
standarcs it is not necessary tnat all coordinated staiivis shall have
such standards [Markowitz, 196&&].

The principal methods employed for international time synchronization

and recent experiments shall be described below,

5.421 Time synchronization through monitoring

Continuous coordination of time broadcasts from widely separated
stations is achieved in principle through monitoring signals emitted
from several stations at one receiving station.

For instance, the USNCG regularly monitors time broadcasts from sta-
tionn WAV (211 frequencies), NBA (all frequeacies), N5S (HF only), NBEG
(17.055 MHz), VHP (5.478 MHz), CHU (7.235 MHz), GBR (i6 kHz), LOL
(17.163 MHz), and TQGS (13.873 MHz), 2nd others. On the. other side of
the Atlentic ccean; the RGO moni tors signais emitted from stations, WWV
(15 MHz), NSS (13.575 MHz), GBR (16 kHz), and about twelve ouners maiuly

located about Europe. The EIH receives monitoring data irom ail standard

time stations.
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The net result of this monitoring system is that corrections can be

assigned to the times of emission of the signals with fespect to a
primary standard, e.g., the USNO master clock. Thus, no matter where
time-dependent observations are made (provided they are referred to time
signals emitted rrom one of the coordinated stations) the epcch of obser-
vaticn may be referred to an internationally consistent UIZ2 system. If
the atomic jinterval is of interestv, it may be deduced from frequency corni-
parisons by applying the defired frequency offset.

It should te noted that, although time signals from coordinated
stations are emitted in synchronism to about t1 millisecond, the epoch
of recepticn governs the accuracy in timing of observations. Fropagatim
anonalies, which may not te rigorously determined, usually prevent full
realization of ik accuracy inhiereni in lne signal as tra

Particular frequercy synchronizations via VLF broadcasts from NBA
and GBR have been made between Creat Britain and the USA. The methods
used and results obtained are given in [Mbrgan et al., 1965, pp. 905-915].
The A.l atomic time system, for instance, is based on monitoring of
VLF frequency irzansmissions from the cooperating standard stations
(see Secticn 1.2).
5.122 Tirme synchronization with portable atomic clocks

Experiments to synchrcnize master clocks by physically transporting
an atomic clock in operation via airline from station to station were
begun in 1960. Delails and resultc of the first experiments wilh an
Atomichron are given in [Reder et al. 1961, p. 226}. The conclusions were
that clocks anywhere on Earth could be synchronized tc 25 microseconds
or better.

In 1964 and 1965 other experiments followed, which not only correlated
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time from the USA to Evrove and Asia but also provided data on traveling

times of HF and VLF radio signals. Results indicate that time might be
correlated to about 1 microsecond by flying clocks [ Bodily, 1965].

If in future the need for microsecond synchronization between cooper-
ating stations shoula rise, it could be established and checked by

portable atomic clocks, and maintained through VLF monitoring [Markowitz,
196La].

5.423 Time synchronization via artificial satellites

In August 1962 the USNCO and the NPL conducted an experiment using
the active satellite Telstar I to synchronize the USNO master clock and
that cf the RGC.

In this experiment, time pulses of 5 msec length were transmitted
simultaneously over the satellite circuit from the satellite ground
stations at Andover, Maine, and Goonhilly Downs, Cornwall. Each station
reasurec the time difference between emitted and received pulse. From
these differences tre relative setting of the station clocks was determined.
It was found that the station clock at Goonhilly was 72.€ £0.8 micro-
seconds ahead of the Andover clock.

The satellite ground station clocks were related to uie observatory
clocks through VLF transmissions from MoF (60 ikHz) in Great Britain, and
by Loran-C in the United States, respectively.

During the experiment the MSF time signals were monitored at RGC.

Thus the Goomhillly clock coul
i€ RCQ, znd the Andaver clock was directly related to the USNO master
clock by Loran-C. The results of the comparison showed that on August

27th, 1¥62, the R d of the USNO elock by 2234 ¢ 20

cr
P
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chk
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. €M
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microseconds,
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The all over results established, that time synchronization tot1l

microsecond is possible tetween satellite ground stations using active
satellites like Telstar. Synchronization to O.1 microsecond was antici-
pated with use of more refined equipment. The limiting factors in the
Telstar experiment were chiefly the VLF and Loran-C links between the
satellite ground stations and observatory clocks, and also the uncertainty
in the height of the satellite which was so}aly based on Minitrack obser-
vation.

For further details, especially on equipment used for the experiment,
the reader is referred to [Steele et al., 196u].

A more recent experiment of similar nature was conducted jointly
by the U.NG and the Radio Research Laboratories ai Tokyo, Japan, using
the NASA satellite Relay II for relatively synchronizing cliocks at the
satellite ground stations Mojavg, Califorria and Kashina, Japa+.

In this experiment pulses were transuitted at 100, 1000, and 10,000
pos alternately from both stations. Multiple trace oscilloscopes
displayed the transmitted, received; and calibration pulses, which were
photographed automatically at certain intervals.

Preliminary results indicated that communications satellites such as
Felay 11 may be used to synchronize clocks at tracking station to 0.1
microseconds [Frequency, May-June 1965, p. 1i} A preliminary report of

the experiment by Wm., Markowitz and C. A. Lidback, is suppcsed to be

mindliakad 3m Y Praanaddivwee AP +ha 10th Annnal Svmnaginm an Fremenov
~ % 21 1he 17y1h ¢ al nos on Kremency

pULLILISOES 30 SSC2dingl nnual oymr m

Control, 1965”.
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vI. GEODETIC USE OF DISTRIBUTED PRECISE TIME

6.1 Introduction

In the foregoing chapter we established that precis¢ time signals
are disseminated worldwide. The question now is, how dces or should the
geodesist make use of this precise radio time with a minimum of loss in
the precision inherent in the time signel as transmitted. This may be
one criterion for selecting a specific method of time comparison. On
the other hand, we have to consider the timing accuracy required in
different geodetic operations.

Considering the latter aspect, we may coaveniently divide the
discussion on methods of time comra.sis.ss in three groups: those that
yield highest accuracy, 4opiicable to artificial satellite cbservations;:
those of medium accuracy, applicatle to first order azstronomic longitude
determina.ion; and finglly those of low accuracy, app.i-able to determi-
nation of approximate lo....uvudes. The latter group wi:. be considered
very briefly only.

Obviously, different acciuracy requirements s’} ior a variety in

™

equipment and methods of time comparison. 4o .« :.lder all methods and
the instrumentation involved is beyond the scope of this paper. There-
fore, outlines of some methods in use will be given only, ip descending
order of the accuracy obtainable.

Finally, in Section 6.5 the use of two major Time Service Bulletins
will be explained, so that epochs of observations may be reduced to

or to atomic time, as the requirement may
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It should be emphasized that any method of comparison, i.e.,

¢alibration of a local time generafor agalast a standard radio time
source must eventually yield two quantitiec: a correction to the
epoch of the locally generated time, and the drift rate of the local

timekeeper.

6.2 Time Comparison Methods of Highest Accuracy

The methods outlined below yield an accuracy in timing of observa-
tions of the order of one millisecond or better. Such accuracies are
required, for instance, in observations of artificial satellites for
geodetic purposes, where an error of one millisecond in iiming alone
contributes about 8 meters in the uncer“ainty of the observerss position
[Marxowitz, 1963, p. 217h

A high precision, stable quartz crystal chronometer, or a combina-
tion of quartz crystal oscillator, frequency divider and clock, is
esdential for millisecond timing. Usually time signal broadcasts from
stations such as WWV are used as time reference when high accuracy is

required.

6.21 Time comparisons using HF transmissions

The general characteristics of HF radio wave propagation have been
discussed in Section 5.411. For best results, the time comparisons
should be scheduled for an all-daylight or all-nigh. propagation path

between broadcasting stetion and receiver.

6.211 Tick phasing adjustment method

The equipment needed consists basically of & stable local time

a gnnd anm iy +.3: mnorh nave
a 2000 AMNRIIT WG T2

goenerator. hareinaftar ~allaed station elock

-
N - e e

radio receiver, and an oscilloscope.
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Naturally, the available instrumentation will dictate the exact

comparison procedure to be followed, hence general requirements can be
delineated only.

The station clock must incorporate a tick phasing control. That is
to say, il must be possible to manually shift the phase of the seconds
pulses generated by the station clock. The tick phasing control must per-
ait continuous phase shifts, or shifts in small increments.

The quality of the receiver (hence cost) will depend on accuracy
requirements and the expected strength of the radio signals at the
receiving station. The antenna should be preferably of the directional
type.

Cscilloscopes may be of the multinsle trace or single trace tyoe.
They mast, however, nermit adjustment of sweep spezd from about C.2
sec/cm down to about 1 msec/cm, this is to say, that at a sweep speed of
1 msec/cm one centimet2r interval on the oscilloscooe scale is swept
by the signal pulse in cne millisecond. The sweep speed should be stable.

To illustrate the tic': phasing adjustment method let us take the
case of calibrating a station clock against time signals emitted from a
standard time station sach as WwV, .

The station clocx generates seconds pulses which cause triggering of
the sweep of a single trace osciiloscose., Seconds pulses from wWWV are
also fed to the oscilloscooe, where they are displayed at the instant when
the oscilloscope sweep is lriggered. The leading edge of the WaWV 5 msec

(5 cycle) pulse is the time reference.

Initially, the station clock pulse and the received pulse may be
epart by as much as a half second. By changing the sweep speed of the

oscilloscope, the leading edge of the 5 msec pulse of WWV may be located
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with respect to the st:tion clock pulse. By means of the phasing coatrol,

and successive oscilloscooe sucep speed adjustments, the two pulses are
brought into near coincidence.(Phase shifting does not change the fre-
quency of the oscillator.)

Once near coincidence is established, the difference between the

station clock pulse and the leading edge of the displayed WWV pulse is

recorded, in milliseconds and {ractions thereof. This difference is the
correction to the initial setting of the station clock. The correction
i8 either read visually off the oscillcscope scale, or it may be re-
corded photcgraphically.

It should be noted that the oscilloscooe reading establishes the
millisecond difference between the station cloc« tick and the received
tick only. The total correction to the station clock may comprise hours,
minutes and seconds. Usually, hours, minutss, and seconds counters
(or the hands of a clock face) are pre-set to a desired value and manualiy
released at an appropriate instant, e.g., just befors a minute tick
(double ticxk with WWV) is received. The millisecond setting of the sta-
tion clock is usuzlly displayed by decade counters synchronized with the
phasing conirol which can te read to C.1 msec or better.

Reoetitions of the comparison at certain intervals will exhibit a
change with time in the difference between the pulses, from which data
the drift rate of the station clocx can be accurately determined.

As mentioned before, this comparison methcd may be used with a
variety of instruments. In the case of continuous phasing control, for
instance, the pulses from station clock and radio signal are brought
initially into full coincidence. The station clock then beats seconds in

synchronism with the received seconds pulses. Successive checks on the
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the syncironium of emission will shcw progressive deviations of the

station clock pilses from the received pulses from which the rate of the
station clock may be determined.

Several modifications and inprovements of the principle discribed
abore are possible. This it may be desiralle to use an average of
several received pulses in order to account for propagation anomalies.
In thet case, a time exposure of several seconds may be made, provided
the sweep speed of the oscilloscope remains constant. The photographic
oscillogram will show several pulses which permits estimation of a mean
arrival time of the WWv ticx, and a mean correction may be determined.

Tiws comparators can also be used in comnection with this methcd.
If hooked up to the cscilloscope, the time comparator will show, on decade
counters, the exact time difference between the time of sweep triggering
and the leading edge (left eand) of the received pulse. The comparator
may also produce modulated time marxers on the oscilloscope at small
int2rvals which facilitate conparison reading to about 10 microseconds.

It has been shown that tic< phasing comparisons yield millisecond
accuracy or cetter. No matter what basic and auxiliary instrumentation
is employed, as longz as all components fit the soucifications, excellent
results will be obtained. For specific details on instrumentation the
reader is referred to manufacturer?s literature, and for details on
oscilloscopes to textbooks in electronics. oee also [Hewlett-Packard,
1965 5 on. 2-2 to 2-]] and [Puckle, 1951].

6.211 Time comparison with strobosconic devices

Contrary to oscilloscones which display the wave form of an impulse,
stroboscopes exhitit flashes at the instant of triggering caused by an
impulse. DMechanical and electronic stroboscopes are used for time com-

parisons.



1.7

The follouing discription is taxen from [Bundesamt fur Eich-und
Vermessungsweseq].

The main parts of wne mechanical Ciivvoscupe are a cathode ray tube
and a synchronous =mobor driven by a »U nz output of the station clock
oscillator. The motor fPrivcs a disc of about 20 cm diameter. The disc
carries a scale divided into 100 units which rotates once per second;
one divisien, rotating past a fixed index marier, carrssponds to apout
C.Cl second.

During the time comparison the received radio pulse causcs trigrering
of the flash underneath the in@ex msrker and the disc is adjusted such
that the zero mark coincides with the irdex marker at the instant of
flashing. Now the seccnds palse from the station clock is fed to the
stroboscope causing again triggsering of the flash. At this instant the
scale reading is lozged. If the rotaticn speed of the disc is prope-ly
calitrated, the reading gives the direct Jifference between ctation clock
and received pulse to 10 milliseconds.

For higher comparison accuracy a combination of oscillograph (puiar)
and electronic stroboscops is used. Instead of the rotating disc a
circle, produced by a 50 Hz frequency input, appears on the oscilloscooe.
One rotation of the circle taxes about 0.02 seconds. Superimposed on the
circle is an adjustoatle, graduated scale. The seconds pulses from the
station clock or radio signal cause to trigger tne stroboscope flashes
which appear in the circle. With the adjustahle scale, differences be-
tween the flashes can tes read to 0.5 milliseconds.

The mechanical and electronic stroboscope can be used together, one

supplementing the other. Repeated comparisons will yield the drift rate

of the station clock.



A mor: modern stroboscope consists oi fuw caihode gy tubes with
norizontal and vertical electrostatic defiection plates. The horizontal
swewd of each of the cathode ray tubes is derived from a linear time
base which is triggered by the staition clock pulsc. Supcrimpossd on €ach
tube is a time scale. The first tube has a time scale the unit of which

is 0.1 second, the fourth tube’s unit is 0.1 millisecond.

Tha received scconds pulse 35 fed o the dvbeg via the verticzl de-
flection plates and is thus superimposed on the scales. This permits
seading of the difference between the time of horizontal sweep triggering
(derived from the station clock) and the time of reception of the pulse
from the radio source, to 0.1 millisecond. |

Again, several modificaticns such as photographic registration,

and auxiliary counters could become part of such a comdarison system.

5,213 Time comparison using delay counters

A o

B -y
AU UILNE LuIie

Time comparisons ol nign accuracy idy

aisu L€ i
comparsiors indepenaent of oscilloscopes.

In this case the delay between station clock pulse and radio signsi
pilse is counted, in milliseccnds or bhetter, by a dacade counter.

In principle the decade counter is started by the station clock
pulse and stooped by the reccived pulse. A drawback is that the station

-~

e cut-of? by the received signal

'
§

clock starts ithe counier va-vime but il
mey be less precise due to fading and jitter of the received sigmal.
Nevertheless, millisecond accuracy may be obtained under favorable recep-
tion conditions [Szédecz&y-Kardoss, 196L, pp. 181-190}.

Displaying the small residual delays on an oscilloscope improves the

resilis tenfold.
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utilize HF transmissions of the WWV tyoe, i.e., continuous time signal
transmission. Readings are made against the leading edge of the re-
ceived oulse which is usually well defined and constitutes the time
reference,

VLF techniques are usually preferred for frequency comparisons, i.e.,
time interval comparisons. Owing to the inherent slow rise time of secomds

aiovs e corgection o the initiel se.ting of the station clock is

el

difficult to determine using VLF transmissions.

The eauipment needed for VLF comparisons consists basically of a
station cloccxk with osciilator output, a VLF receiver, a VLF phase compsra-
tor, and possibly an oscilioscode. The set up is more compliicated than
that for HF comparisons due to more stringent receiver antenna requirements.
The principle of a VLF comparison is as follows [Hewlett-Packard, 1965,
pp.2-7 to 2-16}.

Once the initial setting of the station clock is determined; the
local cscillator frequency is compared with a VLF standard frequency via
a phase comparzior. ihne comparison is either made continumously or over
an interval of several hours. The long comparison pericd is reguired
due to diurnal phase variations. (See Section 5.412)

¥or phase comparisons several specialized devices are available. In
principle they are either of the decade counter or self-recoraing type.
The Jetter produce a plotted record of the phase differences, the former
sre electronic counters that record elapsed time intervals. The decade
counter type is similar to tie one described in Section 6.23 with the

difference that the interval count is started and stopped by the fre-
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quency output of the station clock (say 1000 Hz) and the received fre-
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it is possible to calculate the drift rate ot tne locai
oscillator from the time intsrval covnts or the recorded phase difrfer-
¢nces. 1he fractional frequency difference between thie local standard
and the received frecuency is equivalent to the rate of change in phase

difference measured over a certain time interval. The relationship be-
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: frequency difference and the time error of the staticn

clock during a measured interval is
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by
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at = -

"
RS
(0,8

bty

where at = station clock error; af = freguency error; F = nominal fre-
quency of the oscillator; and T = coxparison interval.

For detailed descricticns of VLF comparison methods the reader is
referred to literature on radio communication systems. OSee also

[Hewleti~Packarc, 1965, po. 2-7 to 3-}.

6.22 opecific methods of time synchronization

€.231 Time compariscn method used at UcC & GS satellite observing

stations.

The UsC & GS uses a specitic metnod fer calilvating clocxs ot
satellite observing stetions. The =ethod is of interect because it
shows the possikle separation of the two aspects of cleck calipbration:
initial setting of the clock, i.e., estatlichment of the epoch, and control
of the rate of the station clecck. The follcwing description is taken
grom [UsC & GS, 1965, pp. 6-Th

Each satellite station is equipped with a staticn clock, & VLF re-
ceiver, and a VLF phase comparator. The staticn clociks consist of a

time code generator that derives a 1CO kHz frequency from a crystal
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cscillator having a stability of better than:3 x 10720, and a frequency
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aneratore are initially set by means of a very pre-

(¢}

cise, nortable quartz crystal chronometer. The oscillator of this
travelling chronometer has a frequency stability of tetter than?l x
10710, and a frequency drift rate of less than 1 x 10710,

The travelling chronometer is synchronized to the master clock at wwV
before commencement of a station cloex setting trip, and it is checked
after a trip. Experience has shown that the uncertainty in the travelling
chronoietes is legs than $1C mierosecands after a five day fielc trip.
lience, it may te assumecd that the station clocks can be set to within

10 microseconds of the wWwV clock.

It should be noted that the station clocks are set with respect to
the pre-transmitted signals of wwV. Through this procecure the uncertain-
ties in clock setting due tc propagation anomalies are circumvented.

Once the station clcck is set, VLF carrier frequencies zre used to
control day-to-day variations in the time ept Ly tue station clock.

Two VLF phase comparators constantly compare the station oscillator’s
frequency against two VLF transmissicns. From these records time
corrections are determined. The time code generator is reset when the
acenmlated uncertsinties in the time correction approach? LO micro-
seconds.

Thue, the synchronizetion of the staticn clocks with respect to the

ore-transmitted Wa\ signal is always within$ 50 mizroseccnds.

6.232 A unique system of time synchronization
The Chronofax-103 {Figure 6.1) manufactured by Newtek, Inc., repre-

sents to this writer’s knowledge a unique system in the sense that it



Although it appears thai e:iensivé field iests arc oiilil lacning, =
eort descrinriion, based on manufacturer’s literature shall be given.

This author has witnessed a demonstration of tne Chfonofax in Sepntember
1965,

The Chronofax is a compact field chronometer that can operate 24
hours from internal batteries. independent of radio reception. Here, the
synchronization shall be described only.

The Chronofax is usually set by synchronizing .the once per second
palse derived from an internal 3 MHz oscillator, which reaches a stability

- -ty
-

of 1 x 102 withir 1€ minutes after the clock is turned on, to a received
radic signal. Jetting is accomclished with the aid of a special time
correlator unit, whose main features are a cathode ray tuve, sweep speed

adjustment, and continuous phasing control.

A 1 kHz output from the Chronofar causes triggering of the cathode

n
L)

ray tube sweep. The seconds pnlses frem the standard Uime statiun, re=-
ceived via a good HF receiver are displayed on the tute as short fiashes
al the instant of triggering. Fy successive adjustments of the sweep
sveed and phasing control the flashes originating from the radio signal

are brought into coincidence with the left hand gric lire of the cathode

Once this is accomplished, an arm button is depressed during the
next interval between two seconds pulses. The leading edge of the radio
signal pulse sets the clock which from now on beats secornds in syn-
chronism with the radio signals to 0.5 milliseconds. Hours and minutes
are preset manually on the Chronofax panel. To have near perfect
correspondence between Chronofax time and radio time the clock is started

with the minute tick of the radic signals.



Figure 6.1:

Newtek Chronofax with time correlator,
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Under exceptionally good receiving conditions the Chronofax

Once the clock is se’ 't keeps step with the radio signels with a
drift of less than one millisecond per 24 hours.

The time of any event is printed on voltage sensitive paper to
milliseconds., The printed time record is in ECD code (see Figure 5.3b).
A samole is shown in Figure 6.2 below.

The drift rate of the Chronofax can be determined at arbitrary
intervals simply by connecting it and tne HF receiver to the time
correlator and reading the difference between clock pulse and received

pulse on the cathode ray tube.
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Fipure 6,2: Section of Chronofax time record. The time is recorded by

pl?cins a2 mar< in a column or leaving it blank. Time shown is
12 33m 27%785.
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6.3 Time Comparison Methods of Medium Accuracy
The methods outlined in this section usually yield a cumparison

accuracy of about 0.0l second, which is generally considered adequate

for firsi ordes astronomic longitnde determination.

type, a HF receiver, a chronograph, and an amplifici. Actuzlly, al
methcds in this group may be called chrono:sraph comparisons. They are
at present the most widely used methods for the determination of the
correction to, and the rate of, a field chronometer.

Chronographs are devices that produce a graphical record of the
beats of a chronometer or a radio signai. Th._. are usially uf two types:
drum or tave. The latter are more easily portable and usually preferred.

Both tv—c5 may Lave one or two pens. The chronographs may be driven Uy

a convenient speed for time comparisons is 1 cm/sec.

The time signals used as reference ought to be of the once per second
pulses tyoe, such as emitted by WwV. Rhythmic signals or ONOGO (see
Section 5.7") are not saitable.

Usually, the chronomsters have electric break circuits by which the
pen ¢ircuit of the chronograph carn be brogen for about 0.2 seccnds at
each second. Mechanical chronometers may break each second or every
second seeond only, d=panding on the type used.

The small current which can be passed by the clock often needs
auplification to work the chrenograph pe... The necessary amplifiers may

contain magnetic or electronic relays, the latter belrg preterable. in

audio filter, which is part of the amplifier, filters out noise and the
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audio frequencies while the seconds pulses may be recorded without inter-
farence.

It follows that during the time comparison the chronometer ticks
and the radio pulses are fed to the chronograph via the amplifier. In
the case cor a two pen chrconograph each signal may actuate one penj with
a single pen chronograph both signals actuate the same pen. In the former
case a pen ecuation should te determined by switching both pens to the
chronometer output. Similar reascning applies to the case when two am-
plifiers are used, or when the radio signal is amplified only. For
higher accuracy the relay delay of the amplifier has to be determned
also; us:ally it is assumed to be constant within 0.0l second.

The graphical recorc of the comparison will show a continuous record
of the received seconds pulses and the chronometer ticks in the form of
a broken line. 7The leading edges of the breaks are taken as the instant
of the seccnds treaxs.

Scaling the chronograph reccrd by means of a transparent scalirg fan
establishes the chrcnometer correction. . The scaling fan permits the
determination of the chronometer tire of the radio signal to 0.1 second
and 0.0l second can be estimated. One ccmparison is extended over a
certain interval, usually 21 unambiguous radio breaxs, and a mean chronomn-
eter anc¢ mean radic time for the interval is calculated. Hours, minutes
and even seccnds must te identified on the chronograph record for both
chrcneometer and radio time.

Depending on whether a mean or a sidereal chrencueter is used, the
correction to the chronometer time is found directly from the comparison,

or through further computations.
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Repetition of the comparison will establish ancther chronometer
correction. From the difference between the corrections and the <nown
time interval between compariscns the rate of the chronometer can be
easily calculated.

In first order longitude work it has become custcmary to make
hourly time conparison. If the rate of the chronometer is nearly
constant, as it is the case with crystal chronometers, this stipulation
is obviously too narrow,

For further details and actual exarmles the reader is referred to

|}oskinson and Duerksen, 1947, pp. 5-14] and [ihorson, 1965, pp. 5’14},

5.4 Time Comparison Methceds of Low .\ccuracy

This grouo of comparison methods comprises aural and aural-visual
methods, and the so called extinction method. These methods are used
mainly in connecticin with rhythmi - signals (see Section 5.23).

In the aural comparison the ooerator listens to the radio and
chronometer tic«s by means of ear phones and records the chroncmeter times
of coincident ticks (remember tnat in the rhythmic signals there are 61
ticks per mean minutz and a prolonjed dash at the minutes).

In the aural-visual meihod one listens to the radio ticks and
observes the chronometer seconds hand, noting the chronometer time of
the dashes.

In the extinction method the chronometer is wired to the radio such
that the radio is silenced when ccincident seconds occur. These coin~-
cidences are noted.

Rather elaborate techniques have been worked out in the past to
obtain reliable results of a reputed accuracy of about 0.0l second.

This avthor considers all of these methods as obsolate however. The
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interested reader is referred to [Briddle, 1958] » Chapter XIII, and ts

[Bomford, 196¢, pp. 305-301].

6.5 Corrections to Radio Time Signals

Let us assume that an accurate time comparison has been made, and
further, that the {ime signal from a coordinated station was used as the
time reference, the time reference was UTC as received.

Small corrections have to be applied to reduce the epoch of an ob-
servation to a desired time system: TUT1l, UT2 or AT, as the case may be.
Corractions will depend cn the accuracy strived for.

In ui2 following discussion of the corrections we aim at millisecond
accuracy. The macnitude of the corrections will indicate those that may
be neglected if a less stringent requireme=nt is opreferable.

Firstly, a correction needs to be applied to the chronometer time
for the propagation delay of the time signal betwecn transmitting and
receiving antennas (see Section 5.41). The correction is always sub-
tracted from the epoch of an observation and may be calculat d from
Equations (5.5) or (5.7), depending on the transmission frequency.

The transmission delay, if applied correctly, relates the epoch of
an observation to UTC as transmitted from the reference station.

It is of course possitle to allow for the propagation delay at the
time of comparison, e.g., through phase shifting. In this case the re-
corded chronometer tine refers directly to v[C as transmitted.

Further corrections have to be apolied for the deviation of UTC,
as emitted, from the desired time system to which the observations
should be referred, invariably these systems are either UTl, UT2, AT,

or occasionally UTO,
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The final time of emission of the signal in any cne of these systems
may be deduced from information contained in so-called Time Service
Bulletins.

Each time service usually publishes corrections "o standard time and
frequency broadcasts trznsmitted from its own stations, and from clesely
associated stations. Two such correction puiieling will be discussed
in detail: that of the UsNO and the Bulletin Horaire of the BIH,

6.51 Explanation and use of the U.S. Naval Observatory time correction
publications

The USNO periodically publishes several papers concerning time
signal transnissionc.

These are:

(1) Time Service Announcements: usually containing advance
information on frequency offsets and changes; changes in
broadcast schedules; anncincements of step adjustments
in phase; etc. The information corcerns usually U.S.

Maval radio stations, Loran-C stations, and closely co-
ordinated stations.

(2) Time Service Notices: usially centaining definitions
and changes in definitions; policies followed; etc. The
information is usually of more fundamental nature, concerning
the Time Service in general.

(3) Preliminary Emission Times: providing preliminary
corrections to UTC emission times. This notice is pub-
lished weekly.

(4) Time Signals Bulletins: containing final corrections to

UTC emission times for a number of stations, and ob-
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servational results from the USNO and its sub-station

Richmond. The Bulletin is usually publisned quérterly

for periods about one year in arrears.

Items (1), (2), and (4) are mailed to rzzular subscribers to the
Tiue Serwice. Item (3) is sent upon specific request for a stipuiated
period. The manmer in which publicaticns (3) and (L) are used will be
explained below.

Preliminary Emission Times and the Time Signals Bulletin, hereafter
called PET and Bulletin, respectively, may be used to reduce the epoch
of an observation, recorded with respect to UTC, to UTO, UT1, UT2, or
A.1 as the case may be.

Specimens of PZT and Bulletin are shown in Figures £.3 and 6.4,
respectively. A specific example of the reduction of an epoch will be
given later on. The difference in the corrections listed in the two
putlications is of the order of about?10 milliseconds.

PET is published weekly, the Bulletin is usually published quarterly.
The latter gives final times of emission in terms of UT2 and A.l, about
12 months in arrears, for closely cooperating stations. This publica-
tion should be used for precise time reductions.

The exact number of stations for which final emission times are
provided varies. During the past three years the following stations
have been included consistently: NEA, WWV, CHU, GER, LOL, NSS, NPG, and
TQG5. Other stations which have been included intermittently are WWVH
and VHP, The corrections to the epoch of emission of UTC are given in
the sense UT2-UTC,

It should be noted that the notation'signal’ and UT2C’used in PET

and the Bulletin, respectively, corresponds to car notation UTC, It
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designates the emission time of standard time signals from any one of

the cooperating stations.

UT2 is the uniform universal time adopnted by the USNG. It is co-
tained from PZT cbservations at Washington, I'.C. and Richmond, Flsa.,
which are referred to the atomic time A.l. The observations are smoothed
over about two months, assigning a weight of 1 for Wasbin ton and 2 for
Richmond [U;NO, 19623]. The observaticns are corrected for cbserved
polar motion and extrapolated seascnal variation (see Chapter IV).

The final times cf emssion are final in the sense that no further
corrections are published. This does not imply that the epoch of &n
observation has bezn reduced to a tniform time system once the
corractions UT2-UTC arc applied.

One should be aware of the fact that UTZ2, obtained from the Bulletin
is based cn the conventional longitude of washington of -shogmiss 725,
Thus, :emembaring what has been said about conventional lengitudes in
Section 2.23, precisely reduced astronomic longitudes should identify
the source from which time corrections have been extracted.

Let us assume that the mean epoch of an observation was recorded
with respect to a chronometer, corrected and rated against UTC trans-
missions from & particular station. The reduction to a final time system
consists then of two parts (provided thie propagation delay between the
receiving and transmitting sites has been accounted for): a correction
of the formai = T* - UTC, where i and Ti stand for UT2, UT1l, UTO, or
A.l, as the case may be; and a correction for the variation of tne
meridian due to polar motion (see Section L.2).

From PET 4i is obtaired directly. From the Eulletin only aUT2

and AA.1 can be obtained directly by interpolation in the appropriate
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columns of parts I and IV (Figure 6.4). AUT1l and AUTO gre found

through the rcliationships

UTl = UT2 - £ 6.1)

and

UTO = UTR - V (€.2)
wiere V = P + §5; 5 being the seasonal variation correction, 45, which is
considered constant, and P is the effect of polar motion on longitude,
AA, (hence time), peculiar to each station. The quantities S and V
are tabulated in part I of the Bulletin.

The tabulsted quantities Tl - UTC are to be used in the following

sense.
UTC epoch tabulated quantity epoch of adogted UT2
3h 00™ 0050000 0175 3h 00™ 0030175
37 o™ 6630000 8976 2" 59m 5988976

In general Ai = i . UTC, if the tatulated quantity is smaller

A = (Ti - UTC) = 1, if the tatulated cuantity is greater than

500 milliseconds.
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U. S. Naval Observatory
Washington, D. C., 20390

No. 178 19 Aupust 1564

PRELIMINARY EMISSION TIMES for Signals from NEBA4,
GBR, WWV, CHU, and Other Cocordinated Stations

For 19 August 1964

UT]. - Sigl]al, 895.
UT2 - Signal, 880.
Aol - Sigrlal’ 3?202.

UTO - Signal, 881.
UT1 is the reading of a clock which indicates time UTl. Similarly
for UT2 and A.1. Signal is the reading of the transmitting clock.
The quantities tabuiated are therefore the amounts, in milliseconds, by

wiich signals are emitted late with resgect to clocks which indicate
UTl, UT2, and A.l, respectively.

Provisional Coordirates of the Pole
For 1y August 1964

X y
B. I. H,, + (,251 + 0.CCO
Pole of 190C-05, + 0.282 + 0.159

Corrections of +0.031 and +0.159 were added to the provisional
B, I. H. values to obtain those referred to the pole of 1900-05.

Figure €.3: rPreliminary Emission Times specimen.
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U.S. NAVAL OBSERVATORY
WASHINGTON 25, D.C.

TIMZ SIGNALS

BULLETIN 207 20 MAY 1965

1. FINAL TIMES OF EMISSION, UT2 - UT2C.

1. The times of emission are on the system UT2, obtaired by correcting the observations for observed
variation in longitude and for provisional seasonal variation. They are based on a conventional longi~
tude of Washington, D.C., of 5N8M158729 west of Greenwich. See Time Service Notices Nos. 9 and 10.

2. The quantities listed are given in the sense of UT2 - UT2C. Thus, on 3 July 1964, a clock
indicating the adopted UT2 of the Naval Observatory was 0.0995 seconds behind a clock synchronized
with the emitted signal from NBA.

3. GCerrections for intermediate dates may be obtained by interpolation, except as noted.

4. The times of emission are obtained by smoothing the times of reception ror zeveral days near
each date and correcting for time of transmission, K.

5. UT2C is the reading of the transmitting clock.

UT2 - UT2C

Signal: NBA WWV CHU GBR LOL NSS NPG TQGS
All Freq. All Freq. 7335kc 16kc 17183ke H.F.(2)*  17055kc 13873ke

X (n* 0001 0026 0199 0299 0002 0139 0220

UT 13h 3h 13h 15h 21h 2h 18h 13h

1964 Jul 23 9005 £987 8980 9000 898 893 895

13 8970 8952 8940 8965 8875 895 892 895

23 8924 8906 8897 8920 890 687 889

Aug 2 8861 8842 8842 8859 884 881 883

12 8790 8772 8782 8790 8750 877 873 876

53(3)* 8724 8706 8705 8720 8680 870 866 870

Sep 1 9659 9642 9638 9624 9612 964 950 962

11 9585 9567 9565 9545 9545 956 935 954

gg(a). 9495 . 9477 9480 9463 9464 948 942 945

Oct 1 916 9399 9400 9388 9365 940 936 937

6. The seasonal variation, S, i{s the same for Washington and Richmond, but “the polar vartatiom, P,
is different. To convert UT2 to UTl and UTO vLs: the Formulas:

UTl = UT2 - §,
UTO = UT2 - V,

where V= § + P.

1964 S V(W) V(R)
Jul 3 +.018 +.025 +.023
i 13 +.012 +.020 +.017
23 +.005 +.015 +.011

Aug 2 -.003 +.009 +.004
1 -.010 +.003 -.002

22 -.016 -.003 -.008

Sep 1 -.022 -.008 -.013
11 -.026 -.012 -.017

21 -.028 -.014 -.020

Oct 1 -.029 -.016 -.022

*(Explanntory notes ars given in section 7.)

Fipure 6.4: Time Signals Bulletin Specimen.
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7. NOTES.
(1) K = 0114 on 18 kc/s and 0118 on high [requencies.

(2) High Frequencies 5870, 9425, 13575, 17050, and 23650 kc/s. For 122 ke add 0015, for
162 kc add 0005.

(3) Transmitting clocks of all coordinated stations exccpt GBR retarded 0.1000 sec. at Oh
of 1 September 1964. GBR retarded 0.0955 sec.

(4) Transmitting clocks retarded at 0" of 1 October 1964 as follows:
NBA, NSS, WWV retarded 0.0010 sec; NPGC retarded 0.0040 sec; NPM retarded 0.0030 sec.

II. ADOPTED UT2 - A.l.

8. The following are the adopted differences, UT2 - A.l, for every tenth day, which were used to
derive the final times of emission. A.l is a system of atomic time based on cesium resonators of the
Naval Observatory and other laboratories. The values are based on observations made with the PZT's
of Washington and Richmond, Florida, and are smoothed over an interval of about two months. The
quantity, UT2 « A.1, is the difference between a clock which indicates UT2 and one which indicates A.l.

UT2 - A.1

1964 Jul 3.0 -3%2403 1964 Aug 2.0 -3%2936 19u4 Sep 1.0 -3%3524
13.0 43.2567 12.0 -3.3135 11.0 -3.3728

23.0 -3.2743 22.0 -3.3330 21.0 -3.3948

oct 1.0 -3.4166

IIT. OBSERVATIONS.

9. The quantities marked O-A give the difference, Ur2 (Observed) - UT2 (Adopted). The fracticn
of the Besselian year is given by T.

Date Julian Date T WASHINGTON RICHMOND

1964 2438000+ 1964 Stars 0-A Stars 0-A

Jui 1.3 577.8 -.5017 9 -.003 o= .
2 -.4989 - .-- 16 +.002
3 579.8 -.4962 - - 16 +.,015
4 -.4935 ‘e --- 13 -.004
5 -.4907 -- --- 19 -.014
6 -.4880 - vow [ e
7 ~,4852 - ——- - -
8 584.8 -.4825 5 +.007 19 -.011
9 -.4798 15 -.008 20 -.017
10 -.47170 11 000 14 +.019
11 -.4743 11 -.005 18 +.001
1z -.4715 8 +,001 20 +.008
i3 589.8 - 4688 .- --- 17 -.004
14 ~.4661 - - 25 +.001
15 -.4633 -n .- 6 -.005
16 -, 4606 7 -,023 11 +.017
17 -.4579 16 -,010 - .
18 594.8 ~.4551 28 -.001 19 .000
19 -.4524 © 20 +.,003 12 +.018
20 - 4496 26 +.002 16 +.003
21 «.4469 -- .n- 8 +.002
22 -.4442 7 .000 15 +.013
23 599.8 =444 16 +,006 16 -,007
24 ~ 4387 14 +.005 15 «.007
25 - 47360 -- cee 6 +.016
26 ~.4332 -- --- 19 +.006
27 -.4305 28 +.005 20 -.001
28 604.8 -,4277 15 +.007 16 +,007
29 «.4250 10 -.003 8 +.006
30 - b222 - CET] 14 -.005
31 «.4195 19 +,006 19 +.009

Aug 1 608.8 -.4168 19 .000 11 - .006
2 609.8 «,4141 .- ae- 20 .000
3. 4113 - nam 14 -,005
4 -, 4086 cw cew 16 «,005
5 =,4058 .o aes 20 +.003
6.3 «, 4031 16 ~.006 20 +.,00)

2

Figure 6.4 (cont?d)
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Date Julian Daie ! WASILENGTON RTCHMOND
1964 2438000 + 1064 Stars 0-A Stars O=i
Aug 7.3 614.8 0004 12 -.012 20 -.00]
8 - 34976 -- --- -- -
9 -.3949 19 ~.002 16 -.0CH
10 ~.3921 10 +.007 .- -
11 - 3R - --- -- ---
12 619.8 ~.3867 -- ——- .- -—--
13 L3839 19 «.004 20 -.010
14 -.3812 .- 14 .000
15 -.3785 013 .- -
16 -.3757 .-- 18 +.003
17 624.8 -.3730 - - 20 -.002
18 -.3702 10 -.004 18 -.006
19 ~.3675 9 +.001 20 -.026
20 ~.3648 15 -.008 -a .-
21 ~.3620 .- - -- - =
22 629.8 ~.359) 27 +.013 10 +.015
23 ~.3566 25 +.007 16 +.0072
24 ~.3538 18 -.004 16 +.007
25 ~.3511 -- - 17 -.006
26 ~.348) 18 .000 -~ .-
27 634.8 ~.3456 20 +.008 -- .-
28 ~.3429 25 +.007 -- .--
29 ~.3401 -- --- -- -
30 ~.3374 .- .- 19 -.008
31 ~.33%47 .- .- 20 +.010
Sep 1 639.8 ~.3319 .- - 15 +.011
2 -.3292 25 +.006 29 +.001
3 -.3264 19 +.001 18 +.002 !
4 -.3237 18 -.008 20 +.004
5 -.3210 11 -.006 21 -.005
6 644.8 -.3182 18 .000 5 .000
7 -.3155 17 -.002 20 .000
8 -.3127 23 +.0C6h 27 .000
9 -.3100 27 -.005 20 -.007
10 -.3073 26 -.015 20 -.008
11 649.8 -.3045 -- .- 19 +.022
12 -.3018 -- .- .- -
13 -.2991 -- cew -- ---
14 «.2963 21 +.001 20 +.,001
15 -.2936 28 -.006 10 +.012
16 654.8 -.2908 -- - .- e
17 -.2881 25 .000 -- ---
18 -.2854 6 +.001 6 -.001
19 -.2826 -- —_— 4 +.019
20 -.2799 -- .-~ -- ---
2 659.8 -.2772 .- --a 19 +.003
22 <2744 24 + 003 - .--
23 -.2717 27 +.001 .- ---
24 -.2689 16 -.006 1S -.008
25 ~.2662 28 -.001 18 -.017
26 664.8 -.2635 26 -.307 8 +.009
27 -.2607 19 +.008 -- ---
28 -.2580 - “es 19 .000
29 -.255) -- —e- 10 -.013
30.3 -.2525 -- --- 15 . +.006

IV. TIMES OF EMISSTON, A.1 - UT2C, AND DEVIATTONS IN FREQUENCY ON A.l.

10, The system of atomic time, A.l, is based on the operation of cesium standards of the Naval
Observatory at Washiagton and Richmond, and about seven others located internationally. The assumed
frequency ot cesium is 9 192 631 770 cycles per sccond. The second is that defined by the International
Committee of Weights and Mcasures in 1956 (see Timc Service Notice No. 6).

11. A.1 - UT2C is the difference between a clock which indicates atomic time, A.l, and a clock
synchronized with the emitted signal.

12. AF/F is the deviation 1n frequency nf the cariier wave of the station with respect to the
frequency of A.1. 1t is given by the formula:

AF Carrvier - fﬂA.l)

F f(A. D)

The unit is 1 part in 1010,

3
Figure 6.4 (cont’d)
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43. Values of A.1 - UT2C for intermediate datcs may be obtained by interpo'ation, except as noted

A.l - UT2C Monthly Vatucs of /.F/F
1964 NBA WWV 1964 NBA WWV
Juir 3 331408 381390 Jul -150.1 -149.8
1 3.1537 3.1519 Aug -149.2 -149.6
23 3.1667 3.1649 Sep -150.0 -150.0
Aug 2 3.1797 3.1778
12 3.1926 3.1907
22 3y 3.2054 3.2036
Sep 1 3.3183 3.3166
11 3.3313 3.3295
gl(4>* 3.3443 3.3425
Oct 1 3.°582 3.3565

D ily Values of AF/F for NBA

1964 Jul Aug Sep
1 -149.7 -149.9 -149.4
2 -150.9 -150.0 -149.1
3 -150.5 -150.3 -148.5
4 -150.0 -150.1 -149.2
) -150.4 -149.1 -149.7
6 -150.2 -148.8 -149.5
7 -15C.5 -148.9 -149.2
8 -149,8 =149.0 «150.0
3 -149.9 -149.1 -150.4

10 -149.8 -149.C -150.3
il -150.2 -149.2 -150.3
12 -150.0 -149.3 -150.8
13 -149.9 -149.2 -150.8
14 -150.2 -149.1 -150.7
15 -149.,8 -149.4 -150.1
16 -1590.0 -149.2 -150.5
17 -150.1 -14°.8 -150.3
18 -150.0 -148.4 -150.5
19 -150.0 -149.3 -150.6
2¢ -150.2 -148.6 -150.3
21 -150.2 -149.3 -150.6
22 -150.4 -148.7 -150.7
23 ~-150.2 -149.2 -150.6
24 -150.2 -149.8 -150.7
25 -150.0 -149.6 -149.8
26 -150.0 -149.1 -149.6
27 -149.9 -149.4 -149.2
28 ~150.0 -148.9 -149 .4
29 -150.0 -149.1 -149.4
30 -150.3 -149.2 -149,3
31 -149.9 -149.1

Mean -150.1 -149.2 -150.0

T. S. BASKETT
Captain, U. S. Navy
Superintendent

4
Figure 6.4 (cont’d)
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T4 follows that
T = UTC + ai. {6.3)

The quantities Ai of a spec®fic reduction are shown in Tabla 6.1 below.

Table 6.1

Ai values from Preliminary Emission Times No. 178 and Time Signals
Bulletin No. 207.

Epoch: 31 23® 14,2020 UTC, August 15, 196k Station: WaV

i a1y | aig sig - at, | T = UM +aig
UT2 -0%12¢ | -o%1z7 | -0oo71 30 23™ 130716
UT1 -0.105 | -0.1122 -0.082 14,0688
ULC (W) -0.1262 -0.0C72 14.0758

-6.119

UTe in) -0,1192 -0,0002 14,0828
Al +3.202 | +3.199% -0.0022 174016

Subscriots p and f refer to preliminary and final emission times,
respectively; (w) and (k) refer to the USNC and Kichmond,
respectively.

Interpclation in the Eulletin is permissatle, excent where marked
by an asterix, which designates that a step adjustment in phase has been
mace between tabulated dates. Interpolation betweer successive PET’s
could be made if no step adjustment has teen made in the interval between
two issues. The variaticn in the correcticns is, however, so small that
irterpclation is unwarrarted for approximate reductions.

Usuelly, astrcnomic lcngitudes are referred to the mean pole. The
correction for the variation of the local meridian for an arbitrary
stetion j, is given by Equation (L.lS), which reads

s _ . .
A)\j = - 1/15(x sm/\j + y cos /\J) tanfj.
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This correction has tc be applied when longitudes are reduced to either
UT1 or UT2. [Bomford, 1962 , p. 30f]prefers tc reduce lcngjtudes to UT1.
The USC & GS apparently reduces longitudes to UTO without specifying
ncwever the reference, i.e., UTO (a), UTC (E; or UTC (local). It seems
mcre logical tc reduce to UT2 so that longitudes cbserved at different
times and places may be directly comparable.

Should it be desiralle, for scme odd reascn, to reduce an observed
longitide tn the instantareous locsl meridian, a differential polar
motion correction has to te appliecd.

The differential correction is equal to the difference tetween
U10J at the local meridian and UTOl at the meridien of the observatory
te which UTC refers. By definiticn (£.2),

UT2 = UTCd + aNJ + 4s, (5.2a)

ard

UT2 = UTO: +4AT + ag, (£.2b)
where superscriots j and i refer tc an arbitrary observing ststicn and
arbitrary observatory, e.g., USikO or Kichmond, and A\ and AS are as
defined.

Subtracting {€.2b) from (“.2a) gives

uTod - urcl = (aai-gAd). (6.L)

The quantity @&\i-AAJ) is the differential correction that has to

be applied to the observed longitude, given by

SN =1/15 (x sin/\j +y cos/\j) tanﬁj - (x SinAj ty COSAi) tang; .

Compare (€.5) tc (L.19).
Reducticn to UTCH vsing PET becomes more or less meaningless since
UTo! refers to an unspecified meridian somewhere between the UsNO and

Richmond [ Merkowitz, 1965].
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The x and y in Equaticns (4.15) and (6.5) should be the inter-

volated coordinates of the instantaneous pole as furnished by the RLS
(see Section 4.24). The PET also lists the provisional x and y coordi-
nates which are identical to those listed in Table C of the RLS (see
Figure 4.2).
It follows that final longitudes are given by

Ayrp = A° + At + AUT2 + BA

Ayry =A° + at + AUTL + AN (6.6)

Avio =A° + &t + 4UT0 + A,
where AUT2 » Ayrys andAUTo are the final longitudes reduced to UT2,
UT1, and UTC, respectively; A° is the mean observed longitude; At is
the radio propagation delay; AUT2, AUTll, AUTO are the time corrections
taken from a specific Time Service Bulletin; and AA, fSA are the appro-
priate polar motion corrections.

In addition to the values UT2-UTC and A.1-UTC, which have been
used in the foregoing example, the Bulletin also provides in part II the
differences tetween the adopted UT2 and A.l. Part IiI lists the
differences between observed UT2 {(observed UT2 = UTO + AA + AS) at
Washington and Richmond and the adopted UT2, covering “he pericd for which
corrections are given. Part IV lists the differences A.1-UTC, monthly
values of AF/F for NPA and WiV, and the daily values AF/F for NBA., It
should be noted that the internationally adopted value;, AF/F (fre-
quency offset -rescribed by the EIH), was - 150 x 1072© during 196L.
€.511 Remarks about Tine Signals Bulletins issued for periods prior to

January 1, 1962
The conventional longitudes of time service stations have undergone

changes between 19¢0 and 1962. The changes introduce a discontinuity in
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the adopted UT2 of the USNOQ.

[usvo, 19¢2a] 1ists the longitudes, and the corrections which have
to be applied to adopted UT2 values prior to January 1, 1962 in order to
reduce them tc values correspondir~ tc¢ the new longitudes. The correc-
tions have to bte applied in full magnitude and proper sign if longi-
tudes observed before and after January 1, 1J¢2 are to be compzred.

The longitudes and time corrections listed in Tables 6.2 and 6.3

respectively, are reproduced from the atove publiczation.

Table £.2
Conventional longitudes of time service stations
Effective to Decemter 31,} Jan. 1 to Since Jan. 1, 1962
Dates 1960 Dec. 31, 1961
SNO -sB 08™ 153760 | -sP 8™ 158740 | -5h 08™ 155729
Richmond =€ 21 31.759 | -5 21 31.730 | -5 21 31.71v
Eerstmonceux +0 Cl 21.091 | +C 01 21.091 | +0 01 21,102

Ta ble '.:.‘ . 3
Corrections to UT2 epochs obtained prior to January 1, 1962
Effective Correcticrs Time Signals Bulletins
Lawes
to Dec. 31, 1960 -ChcLy through No. 194
Jar, 1 tc Lec. 31, 1961 -0.C11 Nos. 195 - 196
since Jen, 1, 1962 0] No. 197 and beyond

The form of the Bulletin was also changed beginning with Fulletin
No. 195, Jenuary 1, 1761. Prior to this date two Bulletins were
issued. Bulletin B gave preliminary, Bulletin A gave final times of

reception of signals in terms of the adopted UT2.
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1o obtain final times of emission from these older Bulletins use
UT2 (emitted) = UT2 (recepticn) - At° (5.7}
where UT2 (recention) is taken from the Bulletin (4 or E), and at’
is the prcoagstion delay between the transmitting station and the USNO,
(Assumed is arain that prooagation delay has been apolied for the trans-
mission between recention and transmission site.)
The tabulated quantities are of the form UT2 (reception) - UTC.

For interoclation of AUT2 the ruies given atove are applicable.

6.52 Explanation and use of the Bulletir Horaire

The Bulletin Horzire is the official organ cf the BIH, which has
been mentioned already in Chapter IV. There, its publications in connec-
tion with pclar motion and variation of rotation soeed of the Earth were
briefly described.

Now we will describe how time corrections tc esochs of obssrvations
can be extracted fronm the Bull. Hor. The procedure is different from
that described in Secticn 6.51, but similar results can te obtained.

It should be (eot in mind that the fictitious mean observatory replaces

the Usr0 when the final corractions fror the Eull. Hor. ¢re used.

4,521 The formation of the mean observatory

The followirg description of the formation of the mear observatory
is taken fror. [Stoyxo, 1964a, oo, 2-5].

The mean observatory, or what amounts to the same, the final epoch
of UT2, is determincd from the limes of emission of UTC sirnals based
on observations for UT2 at about 45 time observatories (1964). f1he

observatories are listed in Figure 6.7.
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The times of emission are calculated taking into account the results

of astronomicz) observations, the rate 2nd setting errors of the observa-
tory clccks, and the resulfs of time signal and frequency monitoring by
cooperating time services. Times of emission are calculated by correc-
tirg the times of reception for transmission delay according to the
adopted propagation velocities given in Secticn 5.41, where specific
reference to the BIH was made.
The calculation of the final Ul2 is based on the following hypothesis:
(1) the total number of participating observatories remains
constant throughcut ore year;
(2) all otservatories have equal weight; with exception of
those that have known inferior precisicn and get a
weicht of 0.5. The total weight for 1944 was 32;
\3) the algebraic mean of the systematic errors of the ob-
servatories used is equal to zeroj
(4) the algebraic mesn of errors in reception (menitoring)
is equal to zero;
(Y) polar motion and seascnal variation are applied to the
observaticns in accordance with international agreements
(see Chapter IV,.
In principle, the calculation of the time corrections, referred to
UT2 of the mean otservatory, is as follows:
Let a,b,c, 4.+ n, be a group of time services that receive a signal
V ernitted from one stzticn. (V has a ccmputed value of ul2., Then,
ha=tg *+ ratpg = hp=tp * r, + Py = **» =hp=tpn + rn+ py = T, (6.8)
where hg, hy, «++, h,, are the time of reception of the signal V at the

n stations;
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ta, tys - t,, are the propagation delays;

Tgy I'yy *++ rp, are the accidental errors;
Pgs> Pps *++ Dp, are the systematic errors, e.g., error
? in conventioral longitudes, clock errors,
etc.; and
T is the UT2 time of emission of the signal V.
If one specific observatory is chosen as reference, then
hi-ha=(ti-ta) = (Pa-pi) + (ra-ry}, (6.9)
where 1 = t,cyd, ¢+ n, and a refers t. the reference observatory.
The left side of Equation (5.9) is k:-uvn and can be represented graphi-
cally by a smoothed curve. For a p.-sicul-~ epoch, say OhUT, values Ry
are extracted from the graph.

By replotting the values R;, a curve is obtained which allows
interpolation to 0S0001 for the chosen epoch.

Now, let

Ry = pa = pys (6.10)
where i = a,b,c, ++-n. Since, by hypothesis (3),:Ep1 = 0, we have

Pa =3k /n, (6.11)
which reoresznts a certain mean value which is adonted to represent the
mean observatory. The individual differences p, - Ry = pg are tabulated
in the Bull. Hor. as UT2-UTC, for each participating station, UT2 referring
now to the .iean cobservatory.

If it is necessary to refer a time correction to another than the
current mean observatory, corrections must be applied, which are a
function of the number ai:d quality of tF participating observatories
that comprised the mean observatory used in the past. In addition,

corrections have to be applied for the different mean poles used in the
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past to calculate the polar motion correction,

The published corrections are given below in tabular form [&toyko,

196ib] «
Table 6-h
Corrections to UT2 for changes in the mean observatory
Year alo Year Aho Year aAo Year aA,
1931 | -0%0030 | 1938 | -0%0022 | 1945 | -0%0010 | 1952 | -030049
32 - 29 39 | - 25 Qé - 35 531~ 47
33 - 15 Lo | - 34 uf | - L7 54§ - 38
3 | - e b l- 17 ug | = us 551- 52
35 - 23 @;2 - 13 49 | - 4E 56| - 62
36 - 23 u3 | - 17 50 | - 1‘4‘0 57 | - 72
37 - 25 uy | - 11 51| - 50 58 |- L9
Table é.5

Correctiorns to UT2 for changes in the mean pole of the epoch

Year - 3% Year Ap Year | a&p Year Ap

1931 | +0%0025 | 1940 | +0%0037 | 1948 | +0Sc067 | 1956 | +0S0017
32 + 030 b |+ 017 Ly |+ 037 ST + 025
33 + 093 42 |+ 005 50 | + 058 58] + 002
3y + 0bS 43 |+ 0oL 51 { + 015 591 + Oby
3€ + 050 by + cc2 2 |+ 034 601 + OLu
30 + U397 4e 1+ 021 t3 |+ oLl 61| + OLL
7 + 106 al |+ 024 S50 1+ 001 62| + 0
30 + 109 o7 |+ 028 Y5+ 006 63| + 0]
3y - 118
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The corrections are applied when time, prior to January 1, 1752 has
to be reduced to the system used since that date.

For the pzriod 1931 to 1955, inclusive, the final UT2 time of
emissicn in the present system is given by

UT2 = UT2 (old tabuletion) + 4p + 4AA, + AS, (6.12)
where ap is taken from Table 6.5, oA o from Table 6.4, eand A4S is
the seasonal variation applicable to the epoch in question (see Section
L.31).

For the period after January 1, 1956, the corresponding formula is

UT2 = UT2 (old tabulation) +4p, (6.13)
where Ao is taxzen from Tatle 6.5.

Since January 1, 1962 the values given in the Bull. Hor.,
apolicable tou the epoch in questior are used withont correction., The
manncr in which the Bull. Hor. is used is described in the next section.

The mean obssrvatory is defired to have (° longitude. The fact
that it also has a latitude which may be different from zero is usualiy
not mentioned., If we sclve Equaticn (4.9) for A= 0°, we find that
the instantaneous latitude of the mesn cobservatory is equal to the x
ccmponent of the instantaneous pole, the mean latitide being zero.

Iv follows that a correction to UT2 (mean observator)) arisés Lecause
thz assumptiog gf(mean observatory) = C° at the time of polar noticn
observaticn i; not correct. However, the effect of polar motion on

th> mean observatory is consztant for all observing stations and is

absorbed in the terms z and d of Equations (4.1() and (L4.16).
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€.522 The use of the Bulletin Horaire oro :r.

flecently, and very fortunately indeed, the form of the bull. Hor.
has been radically changed. The change wss toward the better in this
author’s opinion. The first issue in the new form is Série J, No. 1.
The new series covers periods after January 5, 1964, and is published
bi-monthly. It contains all the information required for reduction of
arbitrary epochs to UTO, UTl, UT2 or AT,

Prior to the change two series of the Bull. Hor. were in existence:
a letter series, e.g., Série H, No. 6, which contained corrections to
time signals to arrive at UT2 final, and a number series, e.g., Série
¢, No. 10, which gave times of reception of signals from coordinated
(and some non-coordinated) stations at the Paris Observatory. In
addition, important information, e.g., coordinates of the pole, seasonal
variation, definitions, etc., were contained in one or the other of the
series.

For firnal time corrections the old letter series may bte used in a
manner similar to that described for the UtNO Time Signals Bulletin in
its present form; the old number series may be used as described in
Section 6.511,

The new form of the Bull. Hor. combines both letter and number
series. The last issues of the old series are those mentioned as
examples above, A description of the contents of the new Bull. hor. will
follow. Specimen pages are included as Figures 6.5 through 6.10 for
ease of understanding. A specific example of the reduction of an UIC
epoch will be given later on.

Table 1, Figure 6.5: 1lists the differences UTL-UTO! = AA1, at
OhUT for the tabulated dates. The values‘oki, tabulated for each observa-

tory participating'jn the determination of the mean observatory; are
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identical to those listed in Tabtle B of the RLS (see Figure 4.2).

Table 2, Figure 6.6: 1lists the differences U.2-UTl = A5, at OPUT
for the tabulated dates. & S is calculated from Equation (4.23). Table
2 appears oniy in the first issue of each year and is identical to Table
A of the BIH (see Figure L.5).

Table 3, Figure 6.7: 1lists the time services participating in the
international program for the determination of UT2, Tabulated are the
monthly systematic deviations UI?-UTQi, i.e., the differences between
UT2 final, adopted for the mean observatory, and UT2 determined at the
individual observatories.

Table L4: provides information on transmission stations, e.g.,
schedules, fregquencies, etc. The first .s.ue of a year lists all co-
ordinated stations and some non-coordinated stations. Table 4 of sub-
sequent issues contains corrections and additions, if any.

Table 5: 1lists frequency offsets and step adjustments in phase
that were, or have come, into effect during the period covered by the
specific issue. Future offsets and step adjustments are also given at
this place,

Table 6, Figure 6.3: 1lists the differences UT2-A3, at OhUT, for the
tabuiated dates. A3 is the atomic time adupted by the BIH, and is
given by the mean of three caesium standards located aiv NBS, NPL, and
LikH, By definition UT2-A3 = 050000, at 20MUT, January 1, 1,58 (se:
Section i.2). Also given are the monthly mean systematic deviations
A3-ATi, where 1 slands for other atomic standards, e.g., NPL, NBS, etc.
By definition (A3-aT1) = 03C000 at oP'UT, Jamuary 1, 1961,

Table 7, Figure 6.9: Part 1 lists the differences UT2-UPC and

A3-UTC, at OhUT, for the tabulated dates. The values are mean values and
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pertain to the stations listed in Part 2 of Table 7. Part 2 lists the
monthly mean differences (U1C~-Signal) emitied = E, che guantity being
used in the determination of definitive emission times of a particular
station (see exainple).,

It should be noted that UTC as used in the Bull. Hor. refers to a
fictitious signal emission time of the mean observatory, and Signal
stands for UTC of a specific station.

Table 3, Fipure 6.10: lists the differences UT2-Signal for scme
coordinated stations that cannot be accomodated in Table 7, and non-
coordinated stations, at the times indicated at the head of the respective
columns.

Teble 8 concludes the Bull. Hor. as far as final co:recticvns are
concerned. The final correction data is on white pages. Each issue
covers two montns, about 12-15 months in arrears.

Tables 9 through 12 are on pink pages. Table 3 gives observational
resalts of the Paris Cbservatory. Tables 10, 11, and 12 give the same
data as Tables 6, 7, and §, with the difference that UT2 is replaced
by UT2 Pa, i.e., UT2 final, pertaining to the mean observatory, is re-
placed by UI2 as determined by the Paris Observatory. Tables 11 and 12
pive times of reception, whereas Tables 7 and § give times of emission.
This pink section of the Bull. Hor. covers 2 month periods, about 6
months in arrears,

Using the mean epoch of the sam>le reduction cf Sectior 6.51, we
find from Tables 1 through 7 of the Bull. Ho.. Série J, No. 4 (Figures

6.5 through £.9) the corrections 8i, listed in Table £.5 below. The

notation is the same as in Section 6.51.



1. TUi-TUG 2 @

Date
1964

juil. 3
13
23
a0t 2
12
22
sept. |

Date
1964
jurl. 3
13

23

aolt 2
12

22
sept, 1

Nate
1964
Juil., 3
i3

23

aolt 2
12

2

sept 1|

Date
1964
Jull. 3
13

23

aolt 2
12

22

sept. 1

2. Tu2-T1

Moy (en 0500G1)

1.J.
2438

579.5
589.5
599, 5
609, 5
619,5
629,35
635, 5

-143
-12¢
-102
- 17

t 16

- 23
- 42
- 61

Re

-234
-222
- 207
-187
-161
~130
- 96

+0:170

+
+
4+

+

-181
-164
-144
-120
- 92
- 60

28

-138
-124
-106
- 87

-
- W

- 27
- 36
-~ 45

196
219
238
252
260
261

-1
-1

-1
-1

Voir Rulietin Horaire,

Firure <.5

¥ Al
0174 - 21

+ 150 - 80

+ 113 - 617

+ g3 - 52

4 59 - 36

+ 23 - 18

- 14 0
HP Ir Kh
22 -105 -191
08 -132 -188
93 -157 -182
5 -179 -172
54 -198 -156
31 -212 -137
8 -221 -114
Nk Nm 0
67 ~-181 ¢+ 82
63 -203 +103
56 -222 +123
45 -236 +140
30 -245 +i55
12 -249 +166
90 -245 +173
sC SF Ta
46 - 76 -129
60 - 63 -138
18 - 49 -1i45
86 - 33 -150
97 - i6 -150
05 + 2 -147
11 + 21 -140
n® |, sérte J.

HA

- 41
- 56
- 11

- 106

-272
-263
-249
-230
- 205
-174
-138

[ 4]

-138
-120
-100

To
+ 10

- 23
- 40
- 57
- 72

BG

- 194
-183
-167
-150
~126
-100

LP

- 40
- 56
- 11
- 85
- 97
-106

Pr

- 168
-155
-138
-118
- 95
- 69
- 41

-1582
-134
-114
- 91

Bl

-14%
-i32
-127
113
- 35
- 15
- 52

- 2317
-234
-226
-204
~196
-173
-145

Pt

- 180
-165
-147
=125

- 10
- 39

vJ

-191
- 180
-165
-147
-124

- 69

Bo

-187
-1173
=157
-137
-i12
- 84
- 54

Mi

-135
-122
-102

Pu

-272
- 263
-249
-230
-205
-174
~-138

+ 68
+ 85
+100
+114
+125
+134
+139

Juillet - Aofit 1964

-138
-122
-105

MP

55
- 468
- 80

cooco0oc oo o

Zi
- 22

- 49
- 62
- 14
- 85

Bu

~151
-i44
-135
123
-107

MS

- 29
- 13

+ 20

) -

+ 54

Rc

+ 54
+ 63
+ 70
+ 16
+ 81
+ 83

Values UTl - ULO at ORUT (unit 0SOCCL)
J.J. = Julian Date, for abbreviations
see Figure 6.7.
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Jan., Pév, 1964 6
2. TU2 - TU120h TU (en 050001)
Date J.J. Date  J.J,
1964 2433 TUZ - TUI 1964 243, TV2 - TUI

Jan. 5 399.5 — 45 Juil.22 599,35 + 34
10 404,5 ~ 37 28 §04,5 + 16
15 409,5 -3 Aofit 2 60s.5 — 21
20 414,5 — 25 T 614.5 — 57
25 419,5 — 19 12 519,5 — 92
30 424,5 — 14 17 624.5 —~126

Pév. 4 429,5 - 8 24 629.5 ~15¢
9 434,5 - 1 27 34,5 —1817
14 439,5 + 7 Sept 1 639.5 —213
19 4314.5 + 15 6 b44:5 -~235
24 449.5 + 25 11 649,5 —254
28 454,5 s 37 16 654.5 —269

Mars 5 459,5 + 50 21 659.5 —279
10 464.5 + 64 26 664,5 287
15 469.5 + 80 Oct. 1 669.5 —290
20 474.5 + 98 6 674.5 —288
25 479.5 117 11 679.5 —284
30 484,5 +127 16 684.5 —276

Avrii 4 489.5 +157 21 689,5 ~287
9 494,5 +178 26 694.5 —254
14 499,5 +199 31 699.5 —240
15 504,5 +219 Nov. 5 704,5 —223
24 508,5 +238 10 709, 5 —206
29 514,5 +255 15 714,5 —188

Mai 4 519,5 +270 20 1719.5 170
9 524,5 +284 25 124.5 - 152
14 529,5 +294 30 129,5 —135
19 534,5 +301 Déc. 5 734,5 —~119
24 539,5 +305 10 1739,5 —104
29 544,5 +304 15 744,5 — 89

Juin 3 549,5 +300 20 749, 5 — 186
8 554,5 +291 25 754,5% — 65
13 559,5 +278 0 159,5 —~ 55
18 564,5 +262 35 764,5 — 46
23 569,5. . +241
28 574,5 +216

Jutl,3 579.5 +189
8 584,5 +158
13 589,5 +125
18 594,5 + 90

® Len valeurs de 1a circulaire 91 bis et du tableau A du Bulletin Horaire
n® 3, série 6, p.59 étatent établies pour 20h TU,

Tatle 6.6: values AS = UT2 - UT1 at 0T (unit 0SCOCL)



172
Juillet - Aodt 1964 4
HEURE DEPINITIVE

3. SERVICES HORAIRES participant a la formation de !'neure définitive
et moyennes mensuelles de |'écart systematique Pi = TU2 def -TU2 i.

TU2 déf . TL2i

Observatorre Abr™  Longitude Latitude 1ggq Juillet . AoOt
h.o.m s o unité 0,0001
ALGER (BOUZAREAH) Al -0 127 8,463 +36°48;1 - 56 -131
BUENOS-AIRES Géur. BAE +3 54 4,47} =34 34,4 + 58 + 39
BUENOS-AIRES Nav, BAn +3 53 25,194 -34 37,3 -203 - 50
BOROWA GORA BG -1 24 8,947 +52 28,6 +213 +302
BELGRADE Bl -1 22 3,174 44 48,2 +436 +452
BESANCON Bs -0 22 57,025 +47 14,9 + 73 + 53
BOROWIEC Bo -1 8 18,437 +52 16.6 -161 + 19
BUCAREST Bu -1 44 73,115 +44 24,8 +103 - 13
GREENWICH (1) G -0 1 21,102 +5G 52,3 t 4 + 23
HAMBOURG Hydrogr. H -0 40 3,679 +53 35,8 + 57 + 66
HAUTE PROVENCE (2) HP -0 22 52,009 +43 55,9 - +116 +162
IRKOUTSK Astr, Ira -6 57 22,748 +52 16,7 - 10 + 93
IRKOUTSK Mes, Itm -6 57 11,843 +52 16,4 - 18 - 22
KHARKOV Kh -2 24 55,838 +50 0,0 N
LENINGRAD Astr. La -2 1 10,800 +59 56,5 +159 +195
LENINGRAD Mes, Lm -2 1 15,930 +59 55,1 +3523 +241
LA PLATA LP  +3 51 43,639 -34 54,5 - 44 - 85
MUSCOU Astr, Ma -2 30 10,695 +55 42,0 - 58 - 14
MOSCOU Mes. Mm -2 28 55,597 +55 58,7 - 21 - 97
MILAN Mi -0 36 45 31 +45 28,0 -165 -102
MONT-POURPRE MP -7 55 17,027 32 4,0 + 9 v 44
MONT-STROMLO MS -9 56 1,406 -35 19,3 + 3% + 45
MIZUSAWA Mz -9 24 31,406 +39 4,1 + 50 + 40
NEUCHATEL N -0 27 49,779 +46 59,8 -150 -180
NIKOLA1EV Nk -2 7 53,817 46 58,3 -5:3 -518
NOVOSSIHIRSK Mes, N -5 31 38,193 55 2 -123 -il2
OTTAWA 0 +5 2 51,940 +45 23,6 1 55 + 34
PARIS Pa -0 9 20,92 +48 50,2 - 82 - 97
PRAGUE (3) Pr -0 57 34,886 +50 4,6 + 9 - 26
POTSDAM Géod, Pt -0 52 16,00y 2?2 22,9 +134 ¢ 87
POULKOVO Py -2 1 18,572 +59 46,5 -187 -230
QuiTO Q +5 13 59,734 -00 14,0 + 18 t 23
RICHMOND Re  ¢+65 21 31,719 +25 36,8 - 5 + 2
RIGA RR -1 36 27,716 +56 57,1 - 87 -238
RIQ-de-JANEIRD RJ  +2 62 53,467 -22 53,7 -112 - 68
SANTIAGO- du-CHIL] SC  +4 42 11,700 .33 23,8 +120 +628
SAN- FERNANDO SF 10 24 49,241 30 27,7 +418 +490
TACHKENT Ta -4 37 10,488 +41 19,5 -116 -3
TOKYO (Mitaka) To -9 18 9,430 435 40,3 ~ 44 - 46
UCCLE U -0 17 25,937 +50 47,9 -112 - 99
U.R.S.S. UL  Obser,moyen - 13 - 19
S VARSOV T Ee JUZEFCSLAV vi -1 24 8,600 +52 5,9 + 2 -654 (4)
WASHINGTON ] +5 8 15,729 +38 55.3 + 32 + 33
Z1 -KA-WE] Zi -4 5 42,864 31 11,5 +109 + 98

(1): L'ubservatoire se trouve & HERTSMONCEUX.-(2):L‘'observatoire se trouve 3
SAINT-MJICHEL. - (3): Les observations astropomiques ont été faites & PRAGUE el
PECNY (A « -0N59M9%5363: f = + 49954°56"). (4) Saut de 100 ms du 31 eolt au ler
septembre (-976 le 31 aolit, -43 le 1er sept.).

Fifure 5.7: Otservatories participating in the formation
of the mean observatory ( A is positive to the
west) and values UT2 - UTel (see text).
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Juillet - AcHt 1964 6

HEURE DEFINITIVE
9. SAUTS ET REAJUSTEMENTS

Pus de sauts, ni reujustements signeles depuis le précédent Bulletin Horaire.
Le décalage de frequence pour le Temps Cootdonné est fixé a =300,10°10 . & partir
du ler janvier 1966.

6. TEMPS ATOMIQUE

A3 est le temps atomique donné par la moyenne des étalons suivants :
Boulder (Bld),
Teddington (ET),
Neuchfitel (N).

Orfgine : TU2 déf - A3 = 0050000, le ler janvier 1958 a 20MTU.

J. 3. ) h
Date 2438 TU2 déf - A3 a oMU

1964 juill. 3 579, 5 -372025

8 584, 5 2108

13 589, 5 2199

18 594, 5 2293

23 599, 5 2385

28 604, 5 2481

aotit 2 609, 5 2576

T 614,5 2670

12 619,5 2164

17 624, o 2658

22 629.5 2651

27 624.5 3043

sept. i 639,5 3147

Ecurts des teaps atomiques individuels : A3 - TAt, On rappelle Gue les divers TA{
ont été remis en cofncidence le ler jauvier 1981,

A3 -TAt en 050001

Etaton i (Juill.et aofit 1964) Origine
{Boulder Bld -5 ler janvier 1961
A3 {Teddington ET + 29 "
{Neuchatel N - 25 "
Bagncux Bgn +173 "
Washington (Lab.Nav,) WL + 65 "
Washington (Obs.Nav.) WNO +127 "
Richmond (Fl.) RNO + 18 "
Moyenne générale AM + 55

Figure 6.8: Values UT2 - A3 and A3 - AT*. (see text)



1 - TEMPS COORDONNE

Heure définitive de 1'émission des signaux horaires coordonnés, L'observatoire
moyen 8 le poids 32 (voir fascicule J2).

1°) Temps coordonné

Date

1964 julll,

aolt

sept.

2°) Ecarts individuels E :

Signal

CHu
FTA91e{ 1)
FTH42¢(2)
HRBe
HBN?*

TAM
IBF
JAS22e
JJY
LoL

Mor {3
NBA
NBA
NPG
NPM

NSS
0LB5/0LD2e
OMAs

OMAs

WWye

LAARE
Zuo

J.J.

2438
3 579.5
8 584.,5
13 589.5
18 594.5
23 599.,5

28 604,5
2 609,5
T 614,5

12 619,5

17 624.5

22 629.5
27 €34.5
1 6335

fréqucnce
en kHz

toutes fr,

91,15
7428

96,05
5000

5000

5000

16176
toutes fr,
toutes fr,

toutes fr,
24
autres fr,
toutes fr,
toutes fr,

toutes fr,

3170 18985
50
2500

toutes fr,

toutes fr,
toutes fr,

Figure 6.9:

ki

HEURE DFFINITIVE

TUS 451 - TUC & OhTU

(en 0S0001)

= (TUC - signal) émis

aoiq
B995
8968
8038
8910

8878
8847
8817
8787
8757

8729

8700 (1
9660

E en 0;0001

juiliet

0
163
+10
- 4
-16

+33
+20
-27
-1
+ 6

+24
-32
+ 8
-22

+22

aolit

+ 6
+66
+14
-2
-12

(3)
+26
-25
-1
t 6

+2¢
-30
t 9
-36
+33
-2
+41
+32
+25

Juillet -AoOt 1964

h

A3-TUC 4 0TV Notues

371038 (1) TUC a été
1103 retardé de
1167 100ns le ler
1231 sept. 1964 a
12495 ohTU.

1359
1423
1487
1551
1615

1679
1743 (1)
2807

Notes

(1) » indique que le calcul de

(5]

(€)Y

(TU2déf - Signal) ¢mis, a une
date quelconque, par l'inter-
pnlation du tahleau 7, n'intro-
duit pas d'errear supérieure a
0?0003. Pour les autres signaux,
cette erreur est comprisc entrc
070004 et 070010 (sanf NPM).

e. autres sighaux de Pontoise
FTKT7 et FTN@7.

2 aolt : +22
7 aolit : +16
12 aofit . + 4
17 aoQt : -23
22 aolt : -43
27 anlit : +43
(sant de +100 environ entre le

24 et le 25 aofit).

et signaux associés : GBAR,
GPB30B, GIC27, GIC33,GIC3T.

Values YT2 - UIC and E (see text).

174



Jujfllet - Aot 1964 i2
HEURE DEFINITIVE

” .
8. TU2 def - Slgnal. pour les signaux non coordonnés et certains signaux coorconnés
ne f1gurant pas au tablesu 7,

RES RBT DAN DAM vHP2® vHP3 " vHP4 * vHP5 * vup6 ® vHPT® PPE® NSG

T 100(1) t.fr. 2614  (3) 4286 6428 8478 12907 17257 22485 8720 t. fr.
@ 0"™ o™ o"o™ oM™ 0"30™ o"30™ 0"30™ 0"30™ 0"30™ 0P30™ o"30™ 3"6"
- 2
: (2)
1 0C43 0048 0183 ©C025 8892 8837 8866 8875 8669 8867 8842 0003
2 0038 0u43 0'88 0027 8885 B854 8859 8869 8859 8858 8830 9998
3 0035 0040 0190 0026 8872 B850 8850 8862 8852 8851 8831 9994
4 0033 0038 0186 0024 8878 8845 B844 8856 8848 8846 8810 9991
5 0034 0038 0185 0023 H87T4 8835 8436 8851 8842 8841 8857 9987
6 0035 0038 0177 0024 8875 8836 8845 6835 8834 8876 9979
7 0034 0036 (i74 0025 8866  “ 8823 8838 8829 8829 8872 9973
8 0033 0037 0174 0026 8824 ° 8817 8823 8823 8821 8861 9967
9 0033 ©036 0174 0026 #818 8836 8810 8823 8818 8813 8815 9958
10 0029 0034 0176 0027 8810 8530 8802 8816 8BUY 8808 L£865 9953
1 0026 0031 0175 0029 8804 8825 #7us 8611 8806 8801 8766 9947
12 0023 0027 0178 0032 8809 8828 8801 8814 8808 8803 8717 9942
13 0021 0027 0179 0036 8799 8797 8798 8804 " " 8177 9934
14 0020 0027 0184 0037 8787 8798 8786 B87Y4 8786 8785 8812 99217
15 0019 0027 0185 0038 8778 8790 8776 8784 8779 8718 " 9922
16 0016 0022 0187 0039 8768 8783 HTGB 9780 8771 8769 " 9915
17 0013 0016 0186 0040 8T62 8777 8562 8771 87€5 8764 8753 9913
18 0012 0016 G188 0040 H752 8768 8752 8761 8754 87152 9916
19 0009 0014 G191 0042 K743 BT69 8746 B152 8746 BT745 8742 9814
20 nouos N010 0194 0031 8740 8765 HT39 8751 8742 8741 B744 9893
21 0003 0007 0194 0042 B740 8761 8736 8746 8739 8740 8717 9893
22 0002 0007 0192 0041 8734 8758 8730 #8748 " " 8787 9892
23 0001 0007 0193 0041 #733 8758 8721 8748 8732 8727 BT10 9887
24 0001 0006 0194 0042 8725 B7G3 8722 8747 8725 8724 8705 9878
25 9u49 0005 0196 0040 K720 8750 8717 8738 8724 8725 8727 9873
2 9998 0004 0198 0041 8713 8745 8711 8754 8715 8715 “ 9870
2 9995 0002 0200 0042 K701 8733 u§6Y9 BT 8715 8701 8757 9864
28 9992 0000 0205 0044 8694 8694 $TO1 8709 8711 8695 8691 9858
29 9y88 9996 V204 0041 BGBY 8T23 86HB8T 8706 8706 8689 8692 9851
30 9988 9933 0200 0040 BGH5 BT01 8682 8699 8700 8684 " 9845
31 9957 9990 0194 0041 8676 8694 BGT4 BG6Y3 ©594 B678 8691 9839

¢ Signaux coordonnés,
(1) fréquences en kHz,

(2) ainsi que RWM (toutes frequences),
(3) 6475 et 12763 kHz,

Figure 6,10: Values UT2 - Signal at indicated hours
(sze text).
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A.1 cannot be determined directly from the Bull. Hor., owing to

the difference in the initial epoch between A3 and A.1 (A3-A.1 =
”O?OBS) .
The corrections for polar motion that have to be appiied to observed

astronomic longitudes have been given in Section 5.51.
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VII. SUFMARY

It has been shown hew precise time is determined at observatories
and how this tine is disseminated through radio brcadcasts.

The discussion necessitated excursions into several non=-geodetic
fields. For this reason a survey of the state of the art could be made
only. The reader who is interested in specific details or thecretical
foundations of the material covered is referred to the selected
tibliogranrhy. Many of the entries contain extensive bibliograohies
themselves which may lead to further understanding.

To the geodesist it is of importance to realize that the epoch of
UT2 and the interval of AT can be obtained with high accer—-~c¢y when
siitable eqiipment is emnloyed for xeeoing and controlling local time.

Pur-ther, it 1c of significance that AT may be used in lieu of ET,
owing to the fact that tihe correspondence btetween these two systeme
has been established.

The interaction hetween the manv aspects of time determination and
distributicn may be best shcwn by the fiow-chart-lige diagram of Figure

Tele



Observatories

Star observations,
PZT and Danjon im-
personal astrolabe
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